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AlISTRACT
Trndttlunalmcthod s for urc uclcnnilmtill\l uf tile nculT;11 s'l~l:ha ridc Ctllllpusilillll lll"Cll1l\I. I \· ~
blomarc dars suctras wood PUlpM Cdifficull :ll \{l l imc .ct>l l.~Ulll illt: . lJ)' compari son :Illaly lk :ll ll yn .l)'s!s
techniqu es offer the advantages of speed aml shupllclry. Under the ilPlm'pri:llc Ctllll li l i nll~, py",lysi .~
yields protiucts lhatrctai n llles lercocon ligumlill1luf lhCpal\'ll l licutrals: lcch:lride Uhe anll)'llms ugan;),
The objective o f lhis lnvcsngu non W:L~ to develop a method tu qunntiratclhe ucrnral saccharides in
wood pulp using lin-line pyntlysis - gas chn llnalngraphy (pY-Gel . lnilial eni 1l1.~ h Il: U.~Sl· lI lin
lIIa:dmizing the yichls of nnhytlmsug:ln; rmm iSlll:ltcd l'lolysaccharh1cs rc."Clllhlillg lhm e flllJl\ll III
wood. Faclun; such as pymlysis temperature anti cauon-c xchuugc well: invcsrlgatcd. Ncxt. n v:lricly
or woo d pulps o f ditTering CIUIlpl.ISililll1 :utd urigin were inveslig:ltcd by py.n c . The nUI\Wll>IlS
pyrnly ...tares produced by nesc pUlps were cbnmctc rlzcd II)' Py-C C-MS using buth c tccmm hlljlaCI
(El) nnd chcrnlcnl illllisalion (e ll. Fhl:llly. Py.GCmclhlllls were dcvclup,:d III quanlify the s;\cchmilk
compllsiliOl\s Ill' me pulps. C()IlIP:l riSlll l.~ were m.ufc with resulls lI!l I:liIlCd hy :lCid Ilydnllysis •
t!eriva!i/,alil1nI gus chnun:l1l1grllphy. 'Twuon-ltn c pym lY/.cn;.lhe C PS I'Ylujlnl hc 120'" amllll e :-;(;1:
PY I\Jj ccl ll~. were compared us to thclr SUililhilily jur quruaitntivc analysis.
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CIIAPTF.RI: I NTROD UCTION
1.1. 1')'Tu IY.'lh · (;a _~ l1tromaltll:raphy
1.1.1. An a lytical r)'rot,u~
Pymlysi~ ca n be desc ribed as a ~mjcal dq:ml a lion react ion lhal is induced by lhcnn~
e nergy atone ( I). An:I.' yli~1 pyml ysb c an befu rther delln ed as the eh3raclcri1.at iooof a m~ri:LI o r
a chemical pmccs.. by the InSlrumefllaJ analysisof it's pyrolysisprodLK1S (I).
Though the li rst sde nli llc useof analytical pymlys is was doc ume nted in 1860 (2 ). il was n OI
until the 194 1l's tllill pYlldysis was uxcd in combin ationwith modem analytical ins!nUllCntalion. A t
lhi .~ lime it llUlllhcr of report s were ma de of tn c use o f rum spcctromelry to character ize uic
pynllY/alcs o f synlhe tlc Jllllymc rs (3,4,5) . In 1952, zemany usedpyrolysis . mas s srcctromclly (Py-
MS) 10 d la r.M.1Cri,.c large molccul:u- weight biopolymm such asalbum in and pepsin (6). H is resul ts
were signinC:IIll in lhat chJrdCIeristic pyrolysis p ro llles could be rcprodllcibly obtained for these
CClll1pnuntls. The Ilrsl lrudy inlcgrated pyrolysis - mm spcct rceet ric instrument wasdescri bed in
1953 (7).
The i lll Rk!\K:li on of gas-liquid chro~ogr.Jphy (GC) In 1952 (8) rapi d ly led to thenrst
repu ns of it 's usein Ctll11hill3lion with pyrolysis (9. 10.11). Py rolysis . gMchrom alo graphy (Py-GC)
4uic kly llvc rs ha!klwed pyll.,lysis • nlass spectrometry as Ihe te clmlqac o r choIcc du e to it's abilhy to
scpncnevnl;llilcpyrn ly;r.~le.~ prior Inucrccuon,and becausepyrolYl.crs could beeas ilyinleg rnled with
GC Instmmcrus , In ad c.l i!illil.m;L~ S spcctromeuywas vcryellpc nslvc and difficult t o usc. The n:cent
ucvctopncm ur rugged oJlCn lubularca(lill:l.I)' columns &rcaUy cntunccd the1CS01ving power of gas
Chrtllll.:ltlla;rap hy• .:Ind bas sim p lified the interfaci ng or G C 10 mass spccnorneers, Cc lllp!ex
.z.
pyrolY7.3lC mixtures cannow heresolved aooummlhigously id~\Il i licd hyJlyn~lysis ' ~ilp i l l ary CIlu llill
gas chromalography • massspccrmmctry (Py.G C· MSl.
The techniq ue of Py-GC. in al l us jonus, connuc s IIIhe Ih e IIl~lIill;lIlt mctluuj ill ld ~ll)'lical
pyrolysis . However, Py·MS Isu stcadu y itx:reascd inp.lpul:uilyhcc:lUSCll(it's :Ihl!ily III tkl('(1 1 ;1 r~t,'r
molecula r weight pyrolyztl lcS 11m arc unable to Pil'lSlhmugh;l GC 11J1l11Un. l11t,Il"v dtlplllcnt s in
analytical pyrolysis ill.'i!rumcn lmlol1 have been reviewed o n anumber nf occustons (12, 13,17.1N).
J.U. Types uf Pyrolyter s
The majority of pym lyl.crsused inCtllllbin;llillnwith GCfall llllntlll'Cc C;lcl:urics; rc.IIS livcly
healedru emc rss. lnductlvcly healed(Curie - puint) lillllllcnts, llllllclIlltillll\lu sly hC ;~Cll lllic rtlrumaccs.
T he nrst two caleg(Jric.~ arc also c1a.xsified as pulse PYCll I Yler.~. lr:lcll (I f llie ahuv..: IYllI.'); was
devd opcd early in the cvotuucn of analyncal pyml ysi.~ and the h:l.~ic features navedWllj,'Cd li llie
sincc(l4 . IS, I6).
Resis!lvcly healedpymlyzcrs arc usually composed Orjl l:IIiIl UIIl Jilamcllls IIf rihho us. SlIluh le
samples can beeas ily applied 10the metal surfac e, An electric currculs Ihc ll 1 J:l~...ed IhAKlgh tile
wire, wbich Inlum heau and pym[YI.es thesamp le . Insoluh le samples C:UI be pynllY/,cd hy lll:lci l ig
th em In th e cearc o f a coiled liIamcni wilh the aid of a quartzhoat or tube . Mndcrn rcsisuvcty
healed pyrolyses. s uch a.~ the Pyruprobc'&(Fig. 2. 1) aOO the Pymra~. an:dcsignci llu t ighl ly t~ llll n ll
im por1ant p aramete rs such as the final pyrolysis lemper:rturc andtc mpcmurc rise lime.
Inductively heated pyrolYlers operateon a dif1ercn t princip le. A sampl e is applied tu Ihe
surface of a fcrrmuagnetlc wlre whichis thenplacedln Ihe ccmrc01"a high rrequcllcyind uctirxlcu ll .
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A m~gnetic f1u ~ i.~ Intt fuicd. wh ich in tum induces cddycurrcnts in the wire's s u rface. The ruemcm
is hc~r ctl ra pi llly unlil a temperat ure (Curie poin!) is reached at whichth e wlrebecomes para magnetic
an d absorb s nu Ill(JrC energy. 11lis temperatu re wi ll bcmainl.aincdas long as the "field is applied
to lhe wire . T he Cu rie point CWl be va ried from approximately 300 10 I IOCI'Cby al te ring the
Icrr omagnct tc alln)' co mrosmon of the tilamCllI. Fo r insolub le samples, boats, tubes. and v-shapcd
rihhullscan be ulCd. Ccrle - point pyrolY7-Crs arcch aracterised by a vel')' rapid temperature riselillle
hu l arc Innexihle in that the Ilnal empcruturcIs dctcnnlncd b y the compos ition or ue w ire .
Mtcro remacc PYTlllyzcrs arcsimpler indesign lh;m!he previous twocatcgortcs.They usuall y
co nsist uf a qunnztubc surrounded by a tcrnpcmturc -regulatcd mlcrcrumacc. The tube is consrcnuy
liwepl l1yan inen gas (usu~ lI y the earner gasfor th e Ge). Samples areeither dropped Imc tile
py ro lysiszone (vcnical (unlOlCc), or are pl aced in a boat which is then 1lI0VOO into Ute heated region
(hur iJ.llllal rumacc). Soluble samples can also be co aled on a wire which is then harouuccd lmc
the pymlyzcr. Though mkrofumace pyrclyze rs can give pyrolysisprofiles rlmttario nos e obtatned
ustng e pulse pymlyl cr. Irreprod ucibility can D:: a se ri ousproblem. Thi s is most often du c 10 slow
lcmpcmture rise times and seco nd ary reactionsoccu rringas tile pyrclyzatcsarc sweptUuo ugll lhc
large hCOllcti ZOIlC.
1.1-1. recto rs AlTecting Pyrolysis
11lCrc arc lIl:lny parametersthatmust be tlghlly cootrollcd Inorder toguaranteereproducible
pyro lysis. M;m y (If these p nmmcrcrs have been exten sively documente d (13.19,20 .21). II is agr~'Cd
thill ;1p>'nllyzcr must be able lllrcprnd uec U1C S;Ulle tcmpcmurc-timc profil e and that, in most cases.
a ICIIlJlCrnlUn: rt sc umc i n I I~ oruc r or uumscconas is most dcst rablc, In addition, samples mu st be
...
homo genous. StIl3l1ln m a.u (5-100 111;). and have a lalJ c scrrace IIIYO! UlhC 1".-1Il, n . nrli alll.l' ..·hh
these recomm cnd:lllOfl.'l should mlnimlze the prohlc mll of lhcn na l 'f:ltliclll';IIllJ SC\lllIbry n'a..1itlll"
occurring with in the sample.
Othe r rada rs an: im(lOna nl in Py.oc Fo r Cll3IlriC. a I,il:h earn er ga.. vrl tllil y w ililill ti ll.'
pym lyl.t r is requ ired10 c:n.wrc the (ast removal of VOI;tlilc r yRl l y / illCOl (R,m IIIl;: pyml)'l;i, 711111.:. l1lill
mu sl he done in anlcr to r fCV'Cnl sct ondary re;lctlo n, which luwer lhe richls u f IIICprim; lfy. hil:lI
muss pmdocts. However. Hthcg;u now is 100 r:L~1 i lll1 ~y ance l lhe rcmpcraturc-umcor oruc. Cllll
spots !lclWCCll the pyrolys is wile amI lhc GC column are m\l)lhc r p1~ Clll i;t1 problem. '11ICrc~ illlls 111
betw een these IWO l<HlCS mU~1 be kC(ll su ffi cicmly w an utn order In prev entthe CIlI1([CILs ,lli nll uf lhe
higher molec ula r wciClll pyruly7.:aICs.
Analyt ical pyroly sis (1If1lin ue:'lIUliuffcr CnHIl lhc milila ko l hclid Ih;ll il is irn"f'Rltluci hlc. II
has beendcmo nslDlCtllIlal CYCIl a COOlinuously healed micnl(um :ll:c (:In repRldocc pynIlYI,OI ICl'1lins
for synthetic co- polymen ln tbc: c reeecr 0.45 '1>n:I:1Iivc Jilnlanl dcvi;llMHI (22). Re~u ll~ M i d i ;r'\ lhis
dcmonslr:J[e tha t I high degree or precision C3I1 be :Il,:hieved pnlvltlcd the pyrolysis pn w.."C\S is
opIimiscd and rigidly con trolled
However. interlaboratory rcproducibilUy ha.. hccn a ..e rinu~ pmhlcm with hUlh 1'y . ( iC at. 1
PY-MS. UnfOrlun alcly the tlcvclopm cnt or analytical p ynll)'si,s h;~s not be n well cllllnlillatc tl . '11lis
has resuhcd in a large variel)'of lnstrumentxandpracuces. CompanulveinlCrlalxlnlhll")' lria ls have
been carried o ut for both Py..oC 123-2H) and l'y·MS (2'.1) , Initial qualitative andquamlmivc
comparison'! fo r py..oc wen: [IOOr. especially for CUlllplC. r1n1Y1llCIlI (23 -25). IIl1wcvcr. th e ta«
trials sci stnc tc r guideline s for all SICp!! in the :maIysis and this rcSlJllcd in signilit::Ull ilUrHHV C UlCld.S
·s·
in interla boratory prec is io n for both peak Intensity and retention lime (28 ). [Ican be conclude d thai
as lun g as lhe variables a rc contro lled, differen t pymlyzcr syste ms can prod uce si milar resuns.
1.1.4. Applicalion~ or Anlllytil:al Pyrolysis
Organic polymers, wtlclhcr synthetic or biolo gical. arc difficult [0 analyze by more
conv cnli on:ll analylical lcdmiqucs because of their poor solubility nnd/or comp lex ity, However,
pyml ysis break s uown pulymcrmolcculcs [010 smalle r. more eas ily Idcmifi ablc fragm ents which are
frequentlychnracicrlsttcof ue parent molecule. It is in this area thai analyticalpyrolysis has made
u's must signincantcomrtteue ns. In addition to mose given below, there arcmany examples o rne
dfffcrcnrap(llicaliol1s of analytical pymlysis to IJcfound in the Journal of Analytical and Applied
PYl1Jly.~i.~. Purrhc nuorc , a number or comprehensive review lexls and articles arc avai lable
( 13.30.3 1.32),
Analylic al pymlysish:1S Important induslrial and rorenstc applfcations Inthe characterization
llr synlhelie polymers and rubbe r.> (33.34.35). II Is also used in lim analysis or geological and
envinmtuenlal malerials such as coals (36). kerogens (37 ). soils (38), and sediments (39). In rood
chel1\ i _~l ry , uc tcc bnlquc has been used 10 lnvcstlgate the pyrolytie reactions dial occur during some
cookillll processes (40). Analytical pyrolysis has also been used to diITerenliale between
micnlllrganisllls (4 1). Finally, it has been used 10 characterise biopolymers such as prorelns(42 ),
PUIYS:LCclwillciit (4 3).li gnins (44). and , as well as intact biolog ic a l systems such as wood(45) and
spruce needles (46).
·6.
1.1. Wood Pulps
1.1.1. Composition or Wood
Wood is Ihe major supportive tissue in trees ami other higher tinier pl:mK II is :lhu
responsible for me upward movement of water and nutrients fnun Ihe nwllS10 Ihe leaves :mu lIl'I",'r
parts of lhc plan l. From a chemical point or view, 90 - lJ5%nf IJ~ dry wdght of \'Iuu,1 can I""
accounted Ior by threepolymer classes: cellulose, ncruiceuulosc, and lignin (471. IntlrgiUlic ash 'Il.J
enracuves. such aswaxes. resins,pnncins. gums, etc.• make up the remainder nf the Ilrywctgju.
Cellulose Iscompnsed cmlrclynf lA-linked B-D .glucopyr.lnose mkl ;LCcmlllls fur 4n-50 ')f, uJ
the dry weight or wood (Fig. 1.1). II is II linear pulymer with a number average degree III"
polymerization (DP.) of 9,000 • IO.(XJ() (4X). uccausc of II'Sabundance arH.! commcrcial huporumcc
It bas been e xtens ively invesligated (4XAlJ). TIle individual molecules arc :lggregOltct.! uuo
mlcrnscopic stru cnses called mlcrolihrils ami these form lhe primary ranee wurk Ill' me ccn walls
(47).
Figure 1.1: T he Smrcturc orCeuurosc.
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TIle hcmiccllu l (JSc.~ arc mlnures o f short chain polysacc harides COp. = 100.2(0). TIleYarc
clos ely a.~s(Jdalctl with cellulosc and lignin and it is believed thatthey aCI es a bin~ing matrix.for
mcsc Iwu i n.~(Jruhl c po lyrllcrs. Fully 25·35% uf dry wood is h emicellul ose. The srrunurcs of ue
rnajnr sof!wucK!tcmiccuctosc..' a re oullincd in Fig. 1.2.
Lignlns arc thre e tlimens ionul, polyphcnolic macromole cules th at arc distributed thro ughout
lhe cell wall nnd lhe middle lamella (intercellular region), Lignin is Incorpo ratedInto the11I311 during
lhe malumliull "fl hecel l and gives it slrcnglh and rigidlt y (47). 'Ibc three lignin precursorsarc listed
in Fig. 1.3 (4K), TIle mommcrtc units arc randomly linked via eucr and carbon - carbon bonds.
Therefore there is IXI Iy pical repe al ing unit as ue re are for lhe polysacchari des.
1.2.2. lIi1Tcr c/ll'Cs in Chcmical Composition Between Ilardweeds (A ngklspCrm s) and
SuRwouds ( (;ynlllU.~pCrnl.~).
As a gencml ru le, lmrdwoods lind sonwoods differ In (heir hemicellulose and li gnin
CUlllPIlSlllllIlS. Senwood ncmtceuulosc Is commonly a 2:1 mtxiure of galacloglucomannansand
arahlnoglucunmox)'hUls. Hardwuod hemicelluloseIs largclyeomposcdof glucuronnxylanswith small
llU:lllti ticsof gluclInmnn:ms (4K.49), In addhlon,hardwoodxylans an:: heavily ncerytnred at the C2
nrC] ring flosi rions.
SUrtW(101' Iignins are derived almost entirely from eonifcryl alcohol (guaiacol) precursors.
wllCreils hardwood IIgnins alsocontain s)'ringyl propaneunits (t .c. derived fromslnap)'lalcohol).
Dcriv:llivesof /l-L'(1um:lryl alcohol arc found in minoramounts In all Ugnlns.
a)
b)
.K-
Figure 1.2: TheStructures of theMajor Hcmiccllulcscs. a), ArnmnoglucumllOxyllln (Softwood)
andb), Galectcgtuccmannan (SaRwood).
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1.2.J. Th e Pulp in; ur WOlKI
Pulping is the prflCCS5by which wood is reducedto fibers. TIle choic e of pulping process
will dcpcntl lll1a numher of (actors including the end usc of !hepulp, the:tree species
III he e xploited. and the fdal lve cess o f !he various processes. 1lJc most wide ly usedproccsscs f:lU
imo lwll c:llcgnrics : mechanica l anti chemi cal pulping.
Mcch;U1ical pulps arc ohtained by ahr.Jding the nbcrs fromtile wood. TIds is done either by
pressing debarked logs agahlsl a revolvinggrindstoneor fceding wood chips between two rotaling.
gnl(lvcd disks (50). The renn er process normally yields a pulp with short fibres and a lot of lines.
'n lClatter pnlCCs.s is called relining ,U1d produces a more homogenous pulp. These pulps arc used
In make pallerwith a high op;lcily. An important ad\l3f113gCof lhc mechanical pulping is lhonthere
is nntcwa.~l agc (i.e.• pdp yic lt1.~ arc 90% or grealer) and there Is no toxic d Ducnl. However, these
IIIccruPlicalpn~~ire a large cncrgyinpuL Inaddition. paper madeeXclusivcly or mec:lun lc:al
pulp tears ea.~il y and yellows'1u1ck1y wten exposed 10 light Generally. mechanical pulps undergo
further treatment and may be: IIlh:c:dwith the longer fibres or chcmic31pulp in order 10strengttlcn
thc filial pmdul1(51).
O lelllicitl ru lpins procc sscs release tile fibresby chemically attacking Ule encrusting lignin
plllyma . There lire tW(Ipredominallt processes:krnfl andsulfile ru1ping. In the kran process wood
chips arc usu:llly conked fer 1·2 hours OIl 17o-18(J'C in a solution or NaOH and N:tzS(52). The
pmpl.lsed lignin t1cpulymcril.:ttioll reactions are described In Figure 1,4 (5]). Krnflfibres are long.
l!;ut alit! slnmg ;111\1arc usedto produce paperbags antiboxes. Btcached kraftpulp is used for fine
Il:lper. t1iS.·iUlvillJ: pUlpsfor the polymer indu.'«ry. and ror while pXkag iot!board. In a typical
. 10-
Cll~OH
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Figure 1.4: Example or the Lisnin Degr:ll.lation Mechanisms in Kraft Pulpini,:(5] ).
kraft pulp, 80% or the llgnin. 50%or the hemicellulose (especially the glucmnannansj. allli IlY;Il, nl
the cellulose are removedduring cooking. In :u.ldiliun, the acetyl groupsand pcrKlant sidechaiu_~ ul
the tcnncellulcscs arcquickJy lost.
.11.
1bc snme processis. in Iact, a number of pulping processes thai cover the whole pHrange.
hom ~1J1 (lJ r dioxide Mlulions (pH ,. 1) to sodium sulfilCI socJiwn hydroxidc solutions (pH" 13).
No onefex tiooschemeen describe !he lignindcpolymeriulion processesthai occur during cooking.
lhough thc .d pha Clrtxln of the pbl:nyl ptopal'leunit seems UIbe:the site of inilial~t In most
C:L'ieS. A possible n:::lClion scteree for ncul1:ll scme (pH 6- 10)pulping is dc:;aibcd in Figure 1.3
(54). At either pH extremelignin removal and hemicellulose degt3cbtion is cx'ensivc. Xytans arc
"
CIl101lk brr~-o-<Q>-CII-!ll- Cl r,or r
lit 61l
r{~,
r110lt
~or=:" ~~OCII)
Q'
Fis,:urc:1.5: E1I.3mpl': or Ill.: Lignin tXgr.llbliun Mcchanisms in Neutr:USUllilcPulping (54).
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preferentially [OSI at low pH whereas the mannans are caster 10 remove 11\all;.'lline processes . Pulp
yields tend to be higher (75 - 90%) for mid-range processes hut mccluuucal dcfn bation Ill;!)' I~
needed to completely separate t he fibres. Because of the l1el lbilty or the suture !JRICCSS.pulps wilh
a wide variety of chamctcristtcsaod end uses can be pmduced. For example. Ol..:ill sullih.'pulps [luw
pH) arc used for dissolving pulps and lnrcnncdtac pH pulp.~ (pI14- ltl) can he uSl'tl fllr 11CWS[Ullll,
paper, and corrugated board. FinaJly, the recently develnped alkaline pmcess (pll 11-14) pmcluccs
a pulp similar 10kraft pulp bUI wilhout the 1l0000Ious odours a."st\Clalcllwilh till' Inner process 15<1 ).
'n e rc arc many processes Ihat do not lit ne:ltly into either of tile :1I111ve c:ltegllries. t-or
ela mplc, many processes usc an initial chemical soak to sonc n me H!!lI in priur to grinding or refining
(cbcmimcchenlcal). Other processes usc Ilea: to achieve lhe same effect (lhennllmcch:mic:t1). Stcam·
explosion pulp is produced when wood lhal bnsbeen treated whh S!C,Ull (wilh or whllllni chcmicaL,,)
al hlgh pres."lIres Is suddcnly dcprcssuriscd, Finally,lhe re are tuc recentlydevcloped ...oJvelll llllllling
processes. A good example would be tile Ak:eU'"ethyl aku hnl pulping Ilnlcess (55). Wlllldchips
are cooked in an alcotml-wacrmixture ut 2OU'C. Dcligililic:llillilis enhanced by Ihe collvcr.~hN I ul
the hemicellulose acetyl groups Inro acetic acid.
1.3, Traditional Methods of Wood Pulp Carbohydrule Aml ly.~i s
1,3.1. Nlln-Splocifie Saccharide Anlllysis
TIle following are examples of commonly used methodsfur charactcrizlng Wtlud and pUlps
that do nor distinguish between individual lllonosaccharil.les present ill lhe s:ullple. '111C tnl;ll
carbohydrate content is ucrcrnuncr by removing the lignin, ll1is can he achieved hy treaHng urc
sample with chlorine gas and z-amrnocmanoruntll a while residue, called notoccnurosc. remains (.'irJ).
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tllCvitah ly. s ome oflhc hemice llulosc will be lost tluring this treatment,
TIle ccuulosc cement can be dctemuned in a numberof ways, For example. Cross and
Bevan ccuumsc is nhtaincd by cntostnauon of the wood sample. followed by washing with 2%
N~SOl and 3% SOl' and linally by bolling in NalSO) solution (57). Alpha cellulo se content Is
dctcrnrlncd by trcatlng holucclhllose with 17.5% NaOU (5 8), This procedure removes most. though
nnl all. of lhe tcmrecuutoscs.
11lc pemuse content. xylose and arabinose. is determined by boiling the sample in 3.85 N
IICI with some NaCt (59). These sugars rcr m furfural which is men separated by distillatio n. Its
corcent rauon is uctcnutneu colurimctrically with orcmct-rcc i,reagent, TIle urcnlc acid cement can
he determinedhy gencr:lling. andsubsequently an alyzing for.COl from iL~ carboxylic ccrdmoieties.
1111s is dun e by ;ln iling IIlCsample in 12% HCI (60) , Alternatively, colorimetric analysis can be used
(61,(12).
TIIC wood polysaccharides arc reduced \0 their constituent mcnoeaccnartdcs by acid
hydmlysis, The mu st co mmonly used method is sa cman hydrolysis (63). The wood sample is
lrcall'tl w ilh 72')\, H~S04 at ]O'C Iur I hour 10 s well it. TIle acid Is then diluted 10 I M and the
suhuion is rcfluxcd for2 l\l5 hours . The insoluble material Il:m:tining is referred \0 as Ktason lignin.
even Ihl1ugh it may connun ;L~ much as 15 % carbohyd rate.
'rrmuoneccnc acid (TFA) is also used \0 hydrolyze wood and wood pulps (64 ,65,66). It is
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a vnluttle acid which facilitates it's removal after II~ hyd!\llysis step. In '1l.llIililln. ,mhyllnlusTFt\
is a good solvent for cellulose which can aid in h's hydnll)·sis. Fcngel ct nl. have dcvdolX'd ,I
hydrolysis procedure specifically for Iignocd lulosi~s (65). TIle sample is stmkcd tlvcmighl in
anhydrous TFA at room tcmper aiure. followed by reOull.ing for I hour. 111C slllullllll is men t1ilul,'d
10 80% TFA and refluxed for IS minutes. Finally the sofunonis dilull'd 10J(~, TFA atul rl'llu~ed
for 2 hours. 10 anomer investigation, POlice cr at. hydmlyzcrl Hgnec elluhudcs,uuplcs in utncr cnr
corccntrattonsof TFA OIl IOIJ'CIn scaled, evacuated vials (6fl). TIley fmmd 1I1,IIIhe Ilesl resultswere
oblained for 2 hours in 110% TFA.
In geocml those methods arc effective at releasing lhc neutral 1l\l lnnSaC~Ii;lril lc-s Innu l h~
samples, However, llulc or no uronlc acid is detected. IIInddhhrn, SUIllC(If the 1ll1ll 1l.Is;\C~ha ri lles
lireacid labile (e.g.. arabinoseami xylose) ,lIul care must he taken lUll IIIdcstruy mcm. '11lis must
be balanced wilh u» racr nuu cellulose requires nn aggressive hytlmlysis.
Traditionally, Ihe monosaccharides wcre sep:lr.ued hy paper ~ limlll atugrallhy ((IJ I. '111e
individual monosaccharides could then be qumllificd using. ror example, Ihe Nclslll1-SullHlgyi
cotonmcut c assay for reducing sugars (67). However, mcihods bnscd on high pc rtonunncc liquid
chromatography (HPlC) or gas cllromatngraphy (Gel arc nnwdUlIlhmnl.
The most successful HPl C methods for monosaccharide separation usc hll)-c ~chal1gc I\'sills.
However, in many cases sizeexclusion is the principal scpamory mechanism. I'm cxumplc.Paicc
ct at (66) used a HPX,1l5lead len exchllllge column with dciuniscd water as lIIuhile phOlSC. '1111:
disaccharide cellobiose was the first unulyte to be eluted. Morerecenll)', a rncllw)(J 'llr IIIC
separation of wood hydmlyzatcs based on true ion exchange princfplcswas puhllsbcd ((Ill).
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Because ~haridc:s do not conUin chromophores or fluorophoru. refractive index is the
most commonly used dell:clOfin IiPl..c. 110000'C:ver. IIhas poor sensitivity (0.1 pg/pJ)detection limit).
Byrom parison. pul\CdamperomeUicdetection is quite sensitive (0.1 ng/JIl)deu::aioo limil) andwas
used in !he inveSligalion of the wood hydrolysa\eS by Edwards <:1 al. (68). AII<:m3livc:ly. the
S:K:dwid~ can be derivati1.c:d 10 increa.'iC!heir UV Of nuc rescense ccnsitivily.
CH,'"
fHO
HC-OHHO~"O" I= HO- fH
HC-OH
I
O.(Jlucopyrnnosc
"1-0 "
HtC- OH
!...".
-r- Hl f -OO
HC-Ok He - OR
I ACCliC Anhydridc IkO-CH HO-CH
I IHC-Oo\c HC- OH
I Pyridine IHC- QAc (orl·methylimidazolel
"1- 0"I
Ht C- CAe HtC- OH
GlldlD!.Hen ttWll GlucilOl
"' il!ure 1.6: ,\ld ilnl Acelall: D.:rivlllil.atitm. Conversion of D-Glucopyranose Imo Glucltol
I k~xeI Jle.
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Mono - and oligosaccharidesarc tnvotarttc anoncre rorc lllusll lCtkrivOltilCti if a GC lllcth\1I1
is adopted. Atdilol ace tate de rivitizalion is lhe proc edure mos t widely used anti is illllslral~1 ill Fi~.
1.6. Tho ugh Ulis method is relatively laborious. only one accunepnlduct is pmdurcdpcr s;leeharitic
species. Thi s is rot the casewith other proce dures such as lrim elhylsilyathlll. In thei r 11 iseussiuIl llf
atdrrot acetate preparation and analysis. Fox cr ai. (69) review ed the columnsaml staliun:lry Ilh:LscS
used 10 scpar..ate aldilo l acetate co mpounds. Cnpillary columns oncr supcriur rcStll111itlll :1lIl! pcnk
shapewith rcsrccuo packed columns. In au dition. the morepolar the stathmary phuscthe rene ernc
resolut ion be twee n ald itol aceta tes within uc sam e class (l.c.• pc ll1USCS. hCM~S. etc.}, ' Ille tlame
ion b:ation detector is most commonty used and is scnsntvccnougnfur II1Usl pu rpuscs. However,
sam ples wtur a com plex rnarnx may require the usc IIfa more sctccrtvc ucector . In these caSl:S
selectiv e ion mon ilori ng with a lIIass spcctmlllc te r Wtlull1he the :IP]1lllpri:lle detector.
1.4. Pyrolysisof C:lrboh ydratcs
From an ana lytical pofnt of view. pyrolysis orrc rs an alte rnative mcthtld tlf cha ractcri,.i I1~
these frequenlly inlrJclible poly mers . uowcvcr.uerc has also been a grea t neat Ilf interest in OlPlllieci
pyrol ysis for the product ion or use ful chemica l.~ from c,ubll l1ydrale·cunla ini llg biomas s (7m.
1.4.1. Carbohydrate PYrllysis Mcchallism.~
The pyrolysis of polysaccharides. and even simple monnsacclrnrldcs, C,LO pnduce ,I wide
variety of prod ucts and unravellin g aume potent ial reaction mechnnlsms has pnwe d IMI simp le l'ISk.
For the sake of slrnpllchy and beca use of the widespread Interest in il.~ pr npcr ucs. ccuu tosc li:l~ been
the focu s of anc nuon for most researche rs.
Shallzadch divided the pyrol ysis of cellulose Into three distinc tive. tempe rature related
pathways (71). Low temperature pyrolysis (ambi ent to 30lY'C)slowly yields char. WOller, CO2 and
CO. rmcrmcnne temperaturepyrolysis (300-6O(J'C}produccs mainly 1.6'arlhydro·B.D·glu copyrnnosc
amiother related com pounds. Above 6<XfC gasificati on of the polymcr occ urs. In many instances
all three p" K:e!;.<;<:s may occur during the course of pyrolysis. Other parameters, such as the time-
tcmpcnaurcprofile, the presence of inorganic impurit ics , and the rate of removal of the pyrolyzatcs
from the healed zone, can have a llignin eant effect on the nature and distributi on o f produ cts.
TIle principle product of fast pyrolysis is 1,6.anhydro·B-D-glu copyr:mose (levoglucosan), I.
111lUgh the true reaction mechanism has not been determined, a number of thoories have been
pl11pnscd. Gotova suggestC1J thai pymly ~is is inilia led by homolytic fiS!.!on OIlglycos idic bond sites
dispersed thrllushoul the cellulose molecule (72). The polymer Is the n rap idly unzipped via a self-
pmpngllling radlcal rearrangement to rorm levogtucosan (Fig . 1.7).
M\I.~t researchersdtscourauns in favour of a heterol ytic fission mechanism . Ess ig et 31.(73)
Ilmpuscd that hreakage uf the glycos idic bond produ ces a reson ance stabilised carbocation which then
undergoes an illlr.lllluiceular addition (Fig. 1.8). Thc proces s is propagated by the ccnunuar loss of
the lcvUl;!UcIIS;\ll end ullil.
However, pyrolysis or cellulo se also produces 1.6-anhydro-B-D-gtucofuranosc. II, at
approxlmutely I()% thc yield oricvogiucosan, and ncithc r ofthe abov e mechanisms can account for
ils rornuuon. Sh.1fi....ade ll ct al. (74) have propo sed the generation or a number of lntermcdtatc
:lllhydmsug;lr s via lhe nuclcnplnlic displacem ent o f theglycos idic bond by one of the ring hydroxyl
gmulls (Fig. 1.9). One of these, 1,4-anhydro - ·D .gluc opyran ose, m, could then rearrange to fonn
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Figure1.7: HomolytiCFissionof Cellulose (72 ).
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Fi~r l.9: Pyrolytic P:1thway for the Foml:dion of 1.6-Anhydruglucofuroull!'lC f741.
either levoglueos m, I. or l.6-anhydm·lj· D-glucofur::lnosc. II.
A large number of snancr.!1Ofl·.\'PCcific~'()mpound.' Clll1be limned during pyml~i:'\ . Indeed.
Pouwels et:1l. pyrol)ud microcrystalline cellulosebyeu ric-poinl-GC·MS:uJd detected WIpyml)'7.alCS
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(75). Many of Ihe larser pymtyzatcs, such ll~ lA::l.6-!lianhydm- ·D.glul11pyr.II1\I....•• IV ,~ .
hydroxymclhy!.2.furaldcl1yde, V, aOll 2·fur:lldcllydc, VI, are cllllr.lclcristic pnll\ul1S IIf cellulose
pyrolysis and Shafi7.adeh(71) has proposed tlmt me se products are funned hy the dcgrad;uiun Ill'
levoglucosan and Ihe tmcrmcdtarcanhydrosugafS(Fig. 1.10). TIle smaller llnltlucls lire liJnlll,'d hy
a variety of multistep pathways involving Ihe ruptureof the pyranose ring. The y 1lI:1)' Ilrigil ~l l c frum
lhc PYra.MSC units in lhc polymer chain or from till:: lUlhydnlsugllrs, lLml :I numher of mcchnubaus
have been proposed (75.76),
1.4,:Z. MalrixlnnuenCC!I;
In addilion lo tilOsepamrnelers discusscd inscc liun l.I.3. lhe CIIIllI1l.1Sitiunl lf lhcm :llliKC;\l1
have a profound tnnucnc c on the nature of the pyrol )'sj.~ pnutccts . Fur example . il h:l.~ been .~hllwn
that aclds cnlmncc Ihe ronnauon oflcvogl ucosenolle fmm ccuoloscn the eKpcnse Ill"ICVllglucClslLlI
(77).
The presence of inorganic ash is cspccrany hnponant In the pymlysis uf ellrI Klhyll l'll l e.~. f-or
example, Essig 1.'1al, found thal as little as0.05% NaCI (w/w) elm rcdocc Icvllglucnsllll yichls Innn
55% 109% (78). There was a corresponding increase in the yields of clmr and Ughl V () I:llilc.~.
1.4.3. The Specificity or Anhydrosugars
Anhydrosugars are uc only ehromlllogrJphahle pymlyzates Ihal retain lhe origin;11
stcrcoconnguraucn of lhe parent saccharide. Budgell 1.'1 at. (7!JJ dCJllHl1.~lm!ctl Ihal unique
anhydrosugarscould be produced for a variety ulhcscscx and pcwascs, and they cuuld he resolved
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using polar phase cnplllary gas chromatography. TIlis sumc system wnsused III ma ractcrlzc tlre
saccharidecomposnlon of a number of homo- and hetempulysaccharidcs (KO.4Jl. InICf\)stillgly.
electron impact massspectrometrycoulu uistinguish betweendifferent classesIll' allh}'lImsugar.;[i.e.•
1.6·anhydropyrnnoS(:s and 1.6-nnhydrofumnoscs) but not between ,mhydnlSugars within the same
class (r.e., 1,6-anhydroglucopyranosc and 1,6-armydmmannopymnosc). 11lCsOlceh:uidcs cncuuntcml
In thi s s!udy and the anhydrosugarnthey produce when pymlyzcd arc i1IuSlr:Hcd in Figure 1. 11.
1.5. Objeclivcso fnisStudy
1bc objective of this work W:lS 10dctcr mtncttc uscfullness 01'oo-unc l'y·GC (·MS) us a
qua inanvc and queunanvc tool rorurc invesliga1iun ofl he S:lccharidc cOlUlKISi lilili ufw CMlll llllllls.
'rradtttonat methods of saccharide nn atysts me hlllg and arduous ami Ilu nul tcuducmsctvcs III
routine usc. By comparison.Py-GC ortcrs uc mivanlllges of specd and simlllidlY. Moreover, it hil~
been shown 11m! unique pyrnlyzalc~ can he produced fur ncutmls'lccl l:1 ridc.~ (7').
Prior 10 this invcsliga1ion. a numberof pyroly/.crs were lnvcsugmcd ;l~ In theirsuilahilily fur
carbohydrate annlysfs. The Instrumentswerejudged oncrhcrtasuch :L~ caseof sampleweighingand
loading. reproducibility of pyrolysis. and crrccuvcrc ss of llymlYl.ate tr ansfer. Where pmsihlc.
hardware modifications weremade 10 meet t he abovedemands. Tllo.<;(: pymIYI.cn; tll,l were I'c llliid
to be most suitablearc described in section 2.5.
Initial experiments focussed on the pyrolysis of isolaled polysacch:lrides 111 :!1 were
representativeof the ctrrcrcm rarbonydratc classesfound in wood. 111e tnnucnccof parameters. such
as .he pyrolysistemperature, inorganic ash and ns removal, and inn exchange. were illvesligMcd.
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Neill., lhc sacd1aridc com P05jtion.~ o f a number of wood pulpswere charxtc rizcdby Py.QC.
The pulf15 chosen were both hardwoodsami softwoods and were manufaaured by • number of
different recccsscs, Wherenecessary. pymlyx..alCl were k1cntificd by Py·GC MSusing boIh electron
lmpact (EI) and chemical ionil..1lion (e l). He re again . ue mnuenceof a num ber of parameters such
3SmClhnd ~ of ash removal, Ion-exchange and scspcnslon pit were investigated. Basedon these
results , llfllimb:etl pre-iream cru procedures for pul ps of differing chem ical com position were
dcvclnpctl.
Finally, wylical~swere ev olved whc rcbylhe sacdwidc eomflOSilionorthc pulps
was qU;ullined by Py.Qc. O:xup;1riSOOS were made: with resultsoblained by classical methods or
amlysi5 .
CIIAPTER 2: EXPERIMJ.:NTAL
2.1. M aterial s
2.1.1. Chemicals
Trifluornacctlc aci d waspu rchased rro m Sigma OlCmicals (SI. Loui s, Mo.) . Allal:lr g r.ul~
hydrochloric, sulfuric.nilric andacetic acids. amisodium sulfite wereparcbascd rnu» BUll(T u nllltll
Ont.). Certified ACSgrade pyridine . mcihanol, chlom roml.dichlofllllleUl' l1"le . :l1ld 1elmhYllru l"ur.m
were pu rchased fromFish cr Scient ific (HaUfa,.. N.S.). Sodium beruhyrln dc. acctic anhydride . and
l-methy hmldazolcwere purchased from Aldrich (Milwaukce. WI.), All meut chluridc.~ aml thc
Ambcrlitc'\on-exch:mgc resin (W ramI) were purchas ed rmm Canlab(Mi ....~iss,llIga . Onl.).
2.1.Z. Carbohyd rales and Wood Pul ps
Amylose . «ccnurose,locust bcangum, amhinog alac..1an. xylanfnllll uat spclts. 1,(IOulhyd m·(l·
D·glucopymnose. andall monosaccharideswere perchuscd rr omSigmaC hcmlcrls {5 1.tuuis. Mu.J.
Standard 'IIdilol acetate mixtures were pur chased fmm Pierce Chcmhals (HI)C~lllll l. 11. ).
Mlcrocrysiadinc cellulose (I1.C gradc) was oblaiflCd from J.T. Bakcr Chcmlcal CIlIllP.lllY ( Nl.).
Avlcel wasobtained rrom FMCcorroranon (PhiladclphJa.I 'A). T he anhydmsugar s l'lIl1 lard~ . 1.<1 ·
Anhydroxyln py ranosc. J,4.anhydr oarabin opyranosc, l.tl-an hydrllll1'1I1Jlll/lyrallu sc. I k
anhydrogalaclopynlllosc. anti 1,6·anhydrogluco furJnusc weredon atedby Dr. A.S. Perlin. Mt:Gili
Univers ity.
The black spruce: and birch rncchanlcat pulpsand spruce kralt /lu l p~ werea g in I'IlN1JDr. I'.
Whiting. Abitibi·Price.Onl. TheMack sprucesuuue pulp s werednnaled by Mr. Gu rdun Ilnwlc rick,
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FUJeifTcchnlllugies Lahc~IOf)'. Noranda TccIvlologiesO:nm. f'Q. TIlt:aspensteam-a.plosion pulp
was uhtaincd from Dr. B.V. Kotll, CRPP. Univenilf du Quebec 1 Trois Rivi~res. The spruce
Ihc ml.1lmc chan ial pu lp and lhc 5p1ICCm illed v.ooodIi".i n were a gift from Dr. M . jceen, Swedish
Pulp and Paper IIt~itule. Stockholm. lbc birth organosolv pulp wu obtained from Mr. J. Motsey,
Aleell Cu.• Newca.. uc , N.B.
2.2 . ")'drul~s l A ld iM Aalalf Derinlizat ion p reeedures
2.2 .1. bllialcd l'uIY~llccllUidcs
Polys ac charldcs were h)'cJroIY7.cd in a manner similar 10 111mdescribed by HondaC( til. (RI).
Samplc.\(S- IOlng) were su.'iflCndcd In 2 M mnuoroaceucad d (TFA) In IS mL muM toucncd
flasks. TIICn a.Jo:s wen: stnpperedencr pur ging with nitrogen for a few mimncs. Thiswas doneIn
ord er 10 preventdcgr.:td:llion of Ute monosacdwidcs by oxygcn during hydrotysis. lhc samp les wen:
Ihen placed in a IOO"C oven for six hours. AOcr cooling. the s:l/!Iplcs werecvapor.llcdto dl)'TlCSS
un a nllary c varoea or . It. ~all aliquo t or meth ano l (1: roL ) wasadded to cadt flask and the
h)'c1nd)'1.alcs werecvaroratcd 10 dryness once~ain. Thisproctdun: was repeated unlit th e odour
o f TFIt. cou ld 1"0 long er bedt::tcclcd (usua lly three li mes).
TIle 1Il 11l .~ccharidcs were ;ma1)'1.cd astheir oorrcsponding llIditol acetates . Thehydrol yz:llCS
were tlissulved ill wate r OmL) anti 1-2 tug or NaB H. (:I red uc ingagenl) was added 10cach flnsk.
The samples wereallowed10 s131ll1 at room icmpcraurc for (Inchour. al which lime the excess
hORlhYllrhJcw;~~ l)Culr.tliscd by lhc eutuon or a few dropsof ,50$ acetic acid. The solutions were
cvaporaed ro d()'l~sS and lhe borate was remo ved rrom Ihc113J.llplcSby ev aporating ihrec times wIth
sma ll 31iquols tlr 4:1 lllClhOlOO11 acelicacid .
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Acetic anhydride (I mL) and dry pyridine ( I mL)were added 10 lhc n asl s, which were men
stoppe red and Incuba ted at 10000Cfor on e hour, Attcr Ihe addilionof water nUlL) the dcri vmil'l'l!
so taucns were evapo rated \0 dryn ess. Bva ponnton was repealed three rimes liner the mhliliun of
small quantities of methano l (2-3 ml) . Thc dcrivatizcd hydn llF.ales were dissolvc.l in chl\lRlfllOlI
(l mL) and the insoluble materia l was removedby passage lhrough II gla.~s wool r utcr. 111Cmu rkl
bo ttomed fl as k was rinsed with O,S OIL of chloroform which was also lillerell and added hi lhe
original sol uti on, Th e cmcrorcrmwas removedunder a slream of niln lgcn ,U\l the dried t1erivalives
were stored in a Irccz cr unlil anul ysis,
2.2.2, Wood Plllps
TIle hydrolysis procedure followcd was thm desc ribed by Fengel and Wegenc r fur cellulose-
containin g ma terialwhh ahigh li gnin cement (fI5). Pulp samples were cxtractcnror rUUT 10 six hours
wil h aneUlanol/hCnzenc (1:1) mtxnrrctc remove lipid s, waxes. ere. TIle dried puIIlS( 15-)O 1Il ~) we re
suspended ovcmlglu in 5g of anhydrous TFA. Aner refluxln g roron e hour , me lLcid wasdih llctllll
80% withdc ionl scd wa ter and rcfluxeda second umc for twenty mtnurcs. , 11e Sl1ln flle,~ we re runhe r
diluted 10 30% and rc rluxcd agai n for one \lOUT. Afte r fillrJlitln Ihnl ugh g l a~,~ wool the sululilltlS
were cveporated 10 dryness on a mtary evaporator, TIle residual TP A WilS rcnmvcd hy rcpcalcli
evaporation wnn methanol unlillhc hyd mlyzales were orour free.
Allose. Ihe internal standard, was accurately weighed Into each na.~k {2-} mgj, arll,lme
sam ples wars dissolved in water (3 1lI1). T he hydm tyzutcs were red uced by Ule addition (If .'lIKlium
borohydride (5- 6 mg). Aftcr one hour the residual bomhydride was ncut rauscd by U,e at/dil iou of
a few drops of 50% aqu eous acet ic acid. The samples were then eVilf/llraled to dryn ess, 'rhc
·1!'·
';C(:lylatillllproccdure Is ba.~ed on that described by Blakency cr aI.(82) . 'me reduced saccharides
were acctyletcd at room temperature with acetic anhydride (2 ml) using I-methyllmtdaznle(0 .2 ml)
as catal)');!. After 10 minutes, water (S ml) was added 10 each flaskand !he samples wereallowed
to sit unlilcrxil , T hesampleswereltansferrcd to2Sml screwcap test tubes, thereaction flasks were
rinsed twice with small aliquots of water, and the rinses were added 10 the original solutions. The
solutinm were cxrrcctcu threetimes withdlchleromethanc (2ml). Thedjchlommcthnnc enra cts were
pouled, evapurated io dryncss under nitrogen, and uo rcd ln a Ircczcrumtl analysis.
1.3. G C Analy.sisllfVel"i vativcs
TIl(:aldilOlacetate derivatives of the IsolaicdpolysaccharidchydrulyzalCS wcreess orvcu in
0,5 11I1 of chloroform and analyzed using a Varian 3700 gaschromatograph (Georgetown, ONT.)
equipped with J & W DB·225 capillary column (30 m l( 0.225 mm, 0.25 urn film thick ness,
C1lRJl1Hltngm['lhic Specialties' l)rockvi11e. ONT.) and a flame fcnls auon detector. Th e injection port
anddetector were maint,Lined nt 250"C andthe ovcn tem perature progr;lffiwas as follows: 200 °C for
2 min., 3"Cmin·1 until 235"C, hold for 15min. The co lumn flow was I mllntin. of helium witha
split rauoof 1:30. The individual aldilol acetates were idenlified bycompating their retention limes
with rtmsc nf collllllcrcially available standards.
TIw:: nldltol aceta te dcdvntlvcs isolated from the pulp samples,however, gave unaccep table
ctmnuatngrarns on ne DB·22."i phase column, most probably dac to dcrcrtorcncn in col umn
pcrrllnll;UII.'C. These ~,mlples were scpuratcd instead on a CPSIL-19 column (30III x 0.25rom , 1.2
1l11l mtckncss. Chmmpnck Canada, Blenheim, Ont.) under similar conditions. QuanlificlIIlon of the
individual saccharideucnvanvcs in Utepulp samples was malic by comparing their peak areas with
.JO-
that o f [he Imerna!sran c aru allos e . The relati ve detect o r respon se for eac h tnunosaccarulede rivat ive
with respect to thato r the internal standard. allasltol accrue. w as deter mined prcvinu.~ly.
2.4. Sample Preparation for Pyr(Jlysi.~
2.4.1 . Prolon Exchan ge af lsolated Polysaccharide s
Because of the diverse nature of the carboh yd l'illes und er invcslig :llhll1no t11~ mctho\l fllr
metal ion removal su ile d all. wnrer solub le rolysilccharidcs were trcmc d using i l sll1'l1~ canon
exch an ge resi n (Ambcrli lc H' Innu), An 0 .5% w/v so lution was usuntty prepared , theres in WilS
added in a ratio or 10: I andsllrrc<ltilr4 nours. 111C resin W,ls tllclIaUllwcd IIIsettle uerlthc I fllll l l~l
solu lio n was decanted. The polysacc harides were recovered rrom snluuon euncr hy IYllphilisilli lUI
or. if possible . by precipitalion wnn a non- sctvca su ch iL~ tClrahydmfur.U1. In lhe inner pRK:eSS,
finely divided p rodUCI w as Ilhlalnc tl whenth e polysaccharidesotunons were milled .~ I (lwl y III at least
twice tile vo lume of ion-a uvcm while v igorously agHiltlng Ihe mixture with a high ShC~f
hor uogcetsc r. TIlepolys accharides WCIt then cullcctcd by Iihrat ton, alr·dried lu remov e l1Iusl uf illc
volatile solvent andfinal ly wcn-d rlcd al 75"C {[lr eight limITS.
wac r-t nseiubtc ca rbollydr alc5such as cellulose were p mtun-cxchungcd rulls l ellcctivcly hy
suspending 0,5g of sample in 100 rutof 0. 1 N lIe l fo r 4 hours. TIle s:llllple W,L" mainlaiucd ill
suspen sionby gcrujestirr ing with a magnelic sttrbar. A mylosc was pmhlll -e xc!limgcd ill lhis munncr
u~ ing 0 .1 N He l il150 % aqacous e thanol, The solids were then culleCled hy liItmlio n, washcd wilh
200m l of delon iscdwate r (50%aq ueousethano l foramy l(l!'C) and uvea-dried at 75"Cfor eighl !lllUffl.
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2.4.2. Pre ten t:xcha nllf of Wood Pulps
Aft.cr Slime initial pyrolysis investigations. the most suitable method was found 10be the
following. Pulps were delontsedby suspending O.5gof the dried material in 100 ml o f 0.1N H O
fur 4 hou rs. nl\~ salllple.~ were thencoltecled by filtr:llion. washed willldeionlscdwater (200 ml)
to relllllveany residual acldand oven-dried for 8 hours at SO"C.
2.4 ~1. pI( Adju.~menl llr Acid-Washed Wood Pulps
For the study or the rnrlucnccof suspension pH o n \Ile anhydmsugar yield the procedure
dc.<;crihe() in Ihe1a.~ L sccnenwas mudified La include another step. A nel acid-washing and filtration,
Ihe Mlll fllcs wereresuspended for IS minutes in a solution whosepH wa.~adjustcd using 0.1N HQ
and N II~OH solutions. Thesampleswere collected byIilt ratlon, washed with a very small quanti ty
uf warcr(20 m!).and oven-dried atScrC. TIlefinal acldity o f theIsolatedsamples wasnOLmeasured.
2.4.4. Car lon )<;XcllllllgCof Sulfite Pulps
Sulfl tc-trcntcdpulpswere nrsrsuspended in 0.1 N Hel for 2 hours, collected by fil tration and
washed with a sm:1l1 quanlilyof dclonised water (50 ml). Th e pulpswere then suspended for2 hours
in a 0.1 N sulotiunof thecalion underlnvcsugatton. 111e chloride sails were used in all cases. The
pulps were Ihen filtered. washed willidctontsed water (500 mn and driedovernight at 5O"C.
.)2·
2.5. Description of r,roly un
Initialexperiments focussed on developing3 reproducible andea...y to uscon -line p~nllysis .
GC method. T wo l~pcs or pyroiyecrs were found to most suttablc and they arc dcscrihcd tn ne
following sections. A thl rd p~ roIY"lCr, the P,lCkanl M odel t\9 1 Curie Poinl Pynll yw, was abu
Investigated. Ho wever, while soluble samples could be coaled on thecurie pouu wires. it pmv\~1
impossibleto satisfactorily apply insoluble samples suc h aswood palp film:s. Purthcrreurc , willi
regard to reproducibilily and Qnhydtu':iugar yield, Lhe resulting pyrngr;uns were inferiortil thm;e
produced bymeonenwo pyrulyzen,;. Because (Ifthese preblcms,this ]1yrol ~I-erwas nut USCtl inl hc
following Investig mions.
1.5.2. C DS r yroprube 120
The Pyroprobc120 (COCmical Data Systenl~,Ox ford. Pcnnsyl~;ulia ) cUllsisls (If1Ipmhe 1111 \~1
wilh a plalinullIco il (Fig. 2. 1). 1lICs ample i s placedin a qUl1n1. tube fillctlwil h 3pu n m.slu:ll1z plllg
whichis lhenInsencd into the centre of llle coil . 1l1C cotI is heated resi.\1ively toa Ilrcsetl clllper;tlme
andthe pymtysetcs arcswept bythecarrierga.. flUllllhc tubetnto lhe lucrrucc oven :UKI fin:dly inlu
theGC injecllon po ri (gas now rae == 13.7 mU ntin.), The Interface uvcnis mainlained :1 2.'i(J'C In
order10 prevcrucondensation orme pyrulysalC. 1l1C intl'rfacc design wax mndilicd !itllhat tile
ernuer a fromthe pyroJyser passedthroU&!1a 22 gU3ge needle befo re ell!ering Ihe lnjcctkm pon ( Fig.
2.1). Prev iously. the pyrotyscr was a ttached tu lhe GC in j ecliun port by a 5 em lung. slainless steel,
wide-bore tube, Th e reproducibililybet weenruns was po o r, mlSI prulJalJly d ue Iu hrcruupletcIII I " illg
crue pyrolysale with jhc earner gas. Also. bcC3USC the tullC wa.. unhealed, mere w:l"lhe st nlllg
possibtlty or pyrolyzale ccndcnsatlon onlhe internalsu rfacesnl"Ihe tube. By comparison. the
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Ftgure 2.1: CDS Pymprobe J2lt'.
l11utli licoJdesignhas 3 verysmalldead volumeanti is shorter ( 1.5 em in length). Repeatedpyrolysis
ur isolalctlpolysaccharides. such asnucrccostamre cellulose. wasroundrc giveanhydrosugaryields
lhal vary hy 2 % or tess.
TIle san pfcs. USUally 100 -150)Jg. wereweighedinto the quartz tubeusing a PerkinElmer
Autobalancc AD·2Z. The lUbe W,1S filll:d with a smallquantily of quant. wool in unlcr tu f,lC ill!alc
sample handling. Unless staled cibcrwlsc the s:lmples were pyrolyzed :It 5IXt'Cfllr 211 seconds :Ukl
no temperature ramp wasused (i.e., maximumhealing rate},
2.5.3. SGE Pyrojector·
The Pyrojeetor (Scientin e GlassEngineering,Auslin. Tex:L~) consists ofa elllliin\lously hC,llc\t
furnace lined with a q uartz tube (Fig. 2.2). Samples are inlruduced intu rnc pymlyzcr thnlul:h :I
no rmalGC injection port using a solids inJeclor. The septum is pn::·dri llctl tu :IJlOW eusy pass:lge ur
the injector barrel. TIle pyrolyl.:Ue.!iare swept into UleGC injecliun pUrl hy Ihe carrier g:l.~ lhnll.ll:h
a needle interface sim ilar 10 uuu dcscnbcd in the prcviuus scclillll ( ie .• luIal t:a." nnw mlC" 13.7
mL/min.).
For quersnanvcanalysis il is necessary 10 ucicr mmc the weighl of lhe sample bc rore
pyrolysis, and uus proved difficult 10 do using a solids injector. Alicr some !:lVes lig:llirlll, lhe lIIusl
suitible weighing procedurewas foundto be the following: Th e injeCltlr waxdisas.~clIlhlc(l , and rue
injector barrel was we ighed on the Autobalance AD·2Z The sample (J(){)-15n Ilg) W:L'I
lmroduccdIntothe barrel , which was men reweighed. Arter rc 'l~SClllhly lhe s,ull[l1cW;l~ injecred lulu
the pymlyzcr, TIle pyrolysis temperature was SOirc . unless s tetcdorhcrwlsc .
The solidsinjec tor supplied with the ry rojcc lor WiL~ found 10 he suitahlefur meinll'llduc lilJn
of most Isolated polysacc harides Into the pymlyzcr. uowcvcr, the intcrnnl diameterIll' tile injeclllr
barrel was 100smallto accomodae large,fibroussamplessuch us wllod puips. ttcrcrorc. 0111 h\jccwr
with a larger bore barre l (2 mm. internal di,ll11ete r) was fabricated. The 1x'!Clhtllugh jhc injcctilUl
H.~==ll=='"
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Fil!url! 2.2: SGE P,'mj ccl orr.
-J5-
~==t== _ SeptumPurge
MicrofllJTll,l:e Oven
QuaruWool PluS
. J(j .
head assembly of tilepyrol yscrwas widened 10 facilil:lll: ,hc larger Injl'\:ll\f. l11cnew iLUl'ClllTWllk,'I'
well for me pulp samples and the minor modificalions did net arrccr lhe pCrrUnl1111CC ti l" 11k'
pyrotyzer.
2.6. Pyrolysis . Gas Ch rom atograph y
Each of the pyrolyzcrs discussed above wa.~ nttacncdIII the lnjccliull pUll of ,I Vllriml :nnu
Gas Chmmatogmphequipped wilh 11 name lonisntlundetector and n J & W [)1I·17UI rused stucn
capillary column (! pm tt rl ckress, 30 M x 0.329 111111. Ollumilltlgr.lpl1ic SpcdnUies, Ilmckvllle,
ONT.). Poor resolution of lhe anhydmsugnr products was Ilhlaincd if this L~llumu (ITlise~llIiv ;I1cl\l
wasnot used, TIle illjeelion POll and detector were m<lilll;lil\cd III 27l1'C. Thc tcmpcrnmrcJlTugrilill
SClli ng.~ were as follows: 1000C. hold for 2 minutes, increase 5''Cmilf ' un!i1 2MY'C. hahl Inr 5
minutes. The spIll was measured al 10.5:1 wilh a colunm now rate 1I1' 1.2 mhniu'. The
chromatograms were acquired usin g a Srcc ll",j·l'hysics St>4290 inlcgr:llur linked. via a L;lhnct
lntcrfacc. with a Tandy 1200 liD personal compee r. and cUnlmllcd by II SpcClra-Physics Winllcr"
data system(San Jose, Cal ifornia).
2.7. Pyrulysis . Gas Chrolllalogr~phy • Mas.~ Spct trulIlt lry
2.7.1. Eleclron Jrnpaelloniz3lilln
Pyrolysis-Gas Olromnlography.MassSpectrometry usingctccmm impatt iuni"l ill iul1. I'y' (; (;'
MS(EI), wascarrlcd outby altm:hing thc Pyroj ttlor LO me injetlinn ro n uf a Ilcwlcll f'ackmd Model
S790A GC/MSD equipped wlth a HP S970A Workslatiun. The GC W;\S lincII wilh a nunll;\! tore
J & W DB·1701column(O.2S5mm x 30 m.U,S JIm 1I1ickncss). Many or I lic pyrllgrall1 s , c~pccialJ y
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the wond pulpc';. CUlIlaio Ihiny or more peaks. 1bc increased resolution obl:ailcl by using a narrower
bore culumn r.:aci l i r all~d ue idcnlilication of these peaks . 1ltc: injca ion port xId MS Inlet line were
Illainl:lincd at 27fTC. The oven lempctilturc progr.amand splil llowr.ue well: as desaibcd in section
2.6 . 11Jecolumn now rare was I mUm in. 1bc c:1ectron impact kJnIzation voltag e was70 e V. The
m:l'i'iispcclromClCrwas scanned from 30 to 250 a.m.u.
2.7.2. Chenlica l lonizatinn
n le r ymjcclor was interfaced whh a vartan3700 GC meed with a norma! bore J & W DB_
1711I (O.25:i rum x 30 111, U.5 um lhickncss). The end of the capillary column was introducedInlo
lhe 1,.... llllhin;Ll ion EVCI SIIUn:c of a VO 7070HS double focussing mass spectrometer equipped with
it OS 2[)J5 data sy!ilclIl . TIle chromalogrnph ic conditions were Idcnlical lo thosedescribed in secllon
2.7. Ammonia w...~ used lL\\hi::rcl1gClll gas and the ion source pressure wu 6 x It)"' mbar. The
ieupcratures u flhc column Inlet and ion source were 27O"Cand 2OO'C respcctivdy. The source was
u-<;cd in lhe CI lIwdc and the k1flI1.OIl loo vollage was 100 eV. Tbe mass spectrometer was~
fnml 6ll kl2.'Wla.m .u. 011 I s per decade.
2.8. IUOf ll:mic AnalJsis
2.X.1. Ashill~
TIle ,Ish comcm of lhe:polysaccharides and woodpulps was dcterrnlrxd using (he ASTM
procedure for ashing wuou (83). Tbc s:unplc (1-2g) was placed in a prcwclghcdporcclaincrucible:
3nd was wcighcu III,hc ncarc51 0. 1 mg. TIle cruciblewas lhcn placed In an oven Oil IOS'C for one
h our, AOcr c( lI,lli ng in ;1 dc$ic;JI(l f for 30 minutes (he crucible + sample was weighed. This
" '11.
procedure was repeated until UIC weight remained constant 10 within 0.1 mg. l 11C Iinal weight
measurement is used10 detcrnnncd the true dry weight of the sample. The crucible W<lS then I'lill'l'ti
on the lip of a 600"C murrlcfur nace lind me contents were allow~'tI til ignite slowly. Aucr III
minutes. when lhe majority of t hecombusubic material nas been removed. the crueihlc is utnvcrltu
the centreof the furnace. which is 1111.'0 closed. Arter one hour Ihc cructblcs areremoved, ~111,1lcll in
a desstcater, and weighed. This procedure is repealed until the weight is COll.'ilant IIIwilhill (1.1 IlIg.
At every transfe r step the crucible is covered wilh a lid in order IIIprevenl the Inss Ill' sample . 'J1IC
ash corucra is ccrcnnrncd as a pcrccnmgc of lllCdry wcll:ht.
2.8.2. The Dete rrelnatlun of Irun in the Acid-washed, Fcl·.ElIch a ll ~cd, SlIlIil c· T rclll"d I ·u ljl .~
TIlIl axhcd samples from the Fc;··CllchllOl:ed. sulfite pulpsweredissolved In 2 nu. (If ullrap urc
HNOJ with gentle healing if nCL'Css;lry. TIle soruuons were then diluted III 50 ml., The Intn
ccnccr areuonwas determined usinga Perkin-Elmer 231l0 :lllIlIl ic lItlsnrplitm spectrophnlumClcr which
was set to mon itor Ule absorption at 24M nm. 'Ihe lnstnnncm was calibrated with ;1cununcrclal
standard solution (1-10 ppm). Samples wlth nff-scalcabsorbunccswere Ililutcd Illll unlil in r:llll~c .
2.8.3. Sulfur Content Ana lysis (l( the Sulfite 1'tJlps by X.Ray Fluorescence
Thesulnte/ sulfonie acid corucoror uic sulfite rUI p.~ wasmeasured indireclly hy tlclenllinillJ;
their sulfur comer s using an ARL 8420+ wavelength dlspcrslvc X-ray nuorcsccncc specrnnucrcr.
'Though methods do ellisl for determining the reducible sulfurcllnlenl in pulps and paper {1l4.IISl.tl lCy
arc laborious and sulfite containing samples arc not necessarily lJuantiialivcly reduced. lty
compar ison X-ray fluorescence spectrometry is fast and accurate. atJdis mulilldy used In qUilllllly
.39·
lhe m.iljo r elemenlill composiliono r iI. wide variety of solid andliquid samples.
Stand~!i WCfCprepared by mixinl fi nely ground NiI,SO) with iI.rce-snme trealed pulp «
0.1'1. sulfur). Siandard iIOOsample pu lps were milled 10 less than 60 mesh wiUl iI. Tckmar A. IO
aOilly(ical mill prior 10 analysis. The:spectrometer was eq uipped with a Rh anode X-ray tube source
opcr.lled al30 kV and 100 rnA. and an argon flo w proponional coemer cctecto r, Th e sulfur K.. IJ
line:( 26 : 11O.68") signal Wallmeasured for 20 seconds for each sample. All measurements were
had,gnlUntlsublraclcd (20 : 114.()(r).
CHAPTER J: PYROLYSIS OF ISOL ATED rO LYSACCIlARIDES
3.1. Glu cans
3.1.1. Microcr ystlilline Cellulose
Microcryslalline cellulose (MC) is a very pure. partlculme ronu of cel lulose. It is iSlll:ltcd
from ee-cclhncsc after intensive mechanical and acid treatment (86). It has a tow molecular weight
(i.e.• degree of polymerization, DP., of 2(0 ). Me from two diITerent sources were investig;ltl'd:
Avicel" PH-IOI from FMC and TLC grade MC from Baker. lIere, ns with lilt the rulluwilll:
polysaccuaridcs. tile samples werepynuyzcd using the CDS I'ywpm!lee.
Figure 3.l(a) is the pyrogralll obtained by pyrolyzing Aviccl MC ar (lIKt'C. The pym!Yl.alcs
were idenlified cure r bycomparison of thcir retention rtmcs with \hllse Ill'aulhenli!.: staml:mlsor hy
their EI massspectra. 'r abtc 3.1 liSlSonly the important carlxJhytlnate pymIY/.:lte.~. FurtherdisCllss;un
on the mcnuncattonof pymlyzatcscan he found in seclion 4.4. TIle oprhnumpyrolysis ICllljlcr;llurc
for lcvogluecsan pmducuon was found 10be between 550 anti fiIKJ''C. Tile Avicel MC pyrogmm is
remarkable for IlSsimplicity. especially when compared with thal llhtained Iur the same cellulose hy
Pouwels et at. (76) who used Curtc-Puint Py-GC ,ulalysis. Lcvogjucusan, 7.' , dominates Ille
pyrogram and l.ti-anhydro-glucofunmusc, liS, is also present, tlMIUJ,lh in .~llJallc r qn.uuutcs. lIy
comparing the detector response with tbar of pure levoglucus:mstandard il has been d~tc nlli nccll h;lt
51.6% of the pyranose unltx in lhc ccucrosc sample were L~1I1VCl1cll intn the twu :lllhydmsug:u
products (Table 3.2). II was observed that an oily. nun-volatile rcsnfuc condensed at the end ul' the
pyrolysis lube and its presence would account for much of Ihe remaining pYlllYl.llrc. No char
remained in the tube after pyrolysis.
.41-
.)
"I .,~~.~Lli34 11
bl
l4
7) "
73
ti l:W"C 3.1: Pyrognms of(~) M ia:1 MICfOCl)'SI3Iline cellul ose and(b ) 8 31cerMC treated wilh
(I.OS M KC!.
B;lkcr mic~l3l1ill: cellulose gives 3 pyrogr.un stmil.... 10 that oblained for Avicel.
Ijowcver.rbc anhydmsu~ar yield is signHic3nlly lower (36.1%). One possible explan3Lion for lhis
result is 111.:11Baker Me con13lns a small quantityof inorg:lflic matcri..1(0.07% ashl whereas Avice!
w mains aln1\ls l none. Aller undergoinganuhl acid wash :ISdescribed in sccnon 2.4.1. lIle % :ISh
was reduced III ncar zero ;uld the unhydrcsugar yield for B:1ker Me rose 10 51.0%. which Is very
close to ucror A\'k cl ~IC (Table 3.2). runner acid treatment of enher sampte f..ltccro incrc:l.se the
yidd 1' ( anhydmsupn; . TIllSyiekl seems10 represent the maximum obt:l.i ll:l.blc for a pun:
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Table 3.1: tccmmceuon of ihc hnpo rtanr Carbohydrates PyRl!Y1.alcsObserved inme
pyrogmms o f the Isolated Polysaccharides (see Section 4.4).
Peak No. Pyro!Yl.ale Identification
2-FlIraldehyde
8 4-Hydroxy-5.6-dlhydm-(2H)-pyr.1Il -2-ooc
19 tevogtccoscocne
31 1.4.Anhydmarabinopyr.mos:::
34 5-Hydroxymethyl-2-furaldchyde
40 1.4-Didcoxy-D.glycero·hex- l -eno·pyranos-:l-ulnsc
42 IA-Anhydrm ylopymllosc
60 1.6-Anhydmgalactopyrnnosc
65 1.6-Anhydmmannopyranosc
70 1,4-Anhydmgalactopyrmklse
73 1.6-Anhydmglucopyr:1IIOse (Lcvoglucos:ln)
84 1.6·Anhydrog:llactofuralillse
85 l,6-Anhydroglucofuranosc
polysaccharide under the specilled experimental conditions. Mtl!"Cnvcr,lhis result is very rcpmduclhle
which ls lmponunt ir quanthatlvc rcsunsarc 10 be obtatncdfmm ry-Gc.
llKlIlgh this is not conclusive pmof, it docsseem III sllgye.~t th:ll , even :'1low ')I, ash CUIII('III.
ash removal is very Important for the optimumami reproducible production 0 1" anhydrusugars. Wilen
acid-washed Baker Me was treated wilh 0.05 M KO the anhydrusugar yield was gre:llly reduced
(Fig. l .l bl. In additlun. il large quantity nf cnar remained in the pymlysis tuhe. "11i.~ result :lg(ec.~
wtrhthe findings of oilier researchers, Ihal alkali metals eatalyze Ihe chur-kmuing reactiuns eluring
pyrolysis (78,87).
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Tallie 3.2: Yields of the:Glucose AnhydrosugaD for the:Glueans.
Gluean Treatment Peak Area l % Yield1 % Ash
Mlcmgrarn'
Avicel MC No", 25149 51.6 0.00
Acid-Washed 25318 51.9 0.00
Baker MC N"" 17610 36.1 0.D7
Acid· Washed 24894 51.0 0.00
Amyl(lS(: None 5275 10.8 1.22
Acid·Washed 24460 50.2 0.00
I : Measured as rnc SUIII of the peak.areasof both lcvoglucosan and 1.6·anhydroglucofuranose
divided by lhe weight of the sample (a.~suming 100% glucose). Average of dupttcatcruns.
2: Calculated as inc percentage convcrslon of the glucose units Into anhydrosugars. Pure 1.6-
allhydnlglul11PYl"'JIltlSe wa.~ used as standard.
•'.1.2. Amylose
AllIylusc is an ""· 14 linked glucan found in many higher order plants. This sample was
isolaled fmm potato and has a DPn of approximately 3200 (88). Pyrolysis of the untreated sample
gives II pyrngr.llll (Fig. 3.2a) very different from that of Aviccl M e. The small molecular weight
pymIY/::les arc dmnimmt and the anhydrosugar yield is very low (Table 3.2). However. following
trcanncm whh 0.1 N tlO in 50% aqueous ethanol as described in section 2.4.1. the pyrogram(Fig.
12 hl is very similar IIIthose uf the ashlcss microcrystalline cctluloscs. More Importantly, the
:mhydmsug:lr yicid increases to 50.2%. Here also there is a clear rclatlonshlp between the removal
(If [he inllrg:U1ic matcrluls and the Increase in Uleproduction of anhydrosugars (Table 3.2).
Thcsc results suggest th~t tllC anhydrosug~ r yields from t he grUC:LnS are not depcOllclll 111I
source. degree of polymerization. or anomcnc configuration. It has been proposeu !hal the initial
rcacunn at the onset of pyrolysis is a reduction in DP. of the polysaccharide to ahllUl 2{)n 173.90\.
This would explain why inc longer polymer chain length in amylosc tines nOlaffect the pyn1lysis.
The racr that thc durcrcmanomeric linkage seems 10have no effect lends credence
to reaction mechanisms such as that dcscribco in Figure 1.1 (13). In Ihis mechanism Ihe
pyranose unit that eventually forms the an hydrusugar docs nut rcsun the glyCllSidic IlXygCIl.
Therefore LIlt: original anomcnc conflguration is irrelevant.
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Figure J .2: Pymgl':lm.~ of Amylose (a) Untreated and (b) Acid-Washed.
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3.2 . lieleropllly.~accharides
3.2 .1. Loco.~1 Helin G om
Locust bean gum Is a gaJactomaMan found in lhc seed of the tree, ceratoma Sfligua. It
eon~l.~l.~ of a linear chain of 6-14 linked mannopyranose units, with side groups of single
galaclnpyranoliCunits attachedat the Ce. positionof every third or fourth manncsc (87). It has a DP.
ufappnl1d01alely 1500.
Pymlyxls of me unueacd gum gave lhe pyrogmm Illustrated in Figure3.3a. Yields of all
chmnmlngr:lph;1I1Ie pymtyzates were low. However, proton-exchangeof a solution of the polymer
(sccnen 2.4.1) reduced the a.~ h comcra from 0.99 % 10 0.19 %. This greatly improved me
.mhydm~ugar yichls from both mannose and galactose (Fig. 3.3b). Eithe r method of tsotatlon (i.e.•
(ree/e.drying or 111m-solvent precipilation) were equally effective. The optimum pyrolysis
temperature fur auhydmxugar production was found to be 45O"C. which Is considerably lower Ulan
tllm fur ccuciosc. 111i.~ is nut surprising as it has been demonstrated that the hemicclluloslc and
pectic substanc es in wood, some of whieh closely resemble locusl bean gum (i.e.• lhc
gal:ll:tlll:lucolllanIl311s). begin 10 lhermally decompose at low pyrolysis temperatures (II ).
TIle ratiu uf the peak areas of 1,6-anhydromannopyranose, tiS,and !he sum of the areas of
the j;:laelnSc anhYllrnsugal1i, (,0,70 and84 , was approximately4: I. This anhydrosugar ratio was in
rcasllnahly gUIMI agreemenl with suc chartde composition obtained using acid hydrolysis -
lle!ivalizalillll - GC analysis n.e.,3.5:1). Glucose and arablnose residues arc present in trace
lIuantities in the gum ;Uld their ;mhydmsugan;were also observed in tile pyrogram.
.....
Figure 3.3: Pyrograms of Locust Bean Gum (a) Untreated and (b) Proton-Exchanged.
However. evenundcroplimumcondnrons. the percent conversionrate intoanhydmsllgars was
not as large as for the ashlcss glocans (36.1% for mannosc ami 34.8% for llalaclusc). The facl lhal
Ihe polysaccharide is not elltirely ash free may be responsible for this. However. it wa\ observed lhal
the polymer melted during pyrolysis. Anhydrosugars fonned within 111C melt would he unable tn
volatilist quickly out of the pyrolysiszone thus allowing secondary reucucns 1Iloc cur. Melting wns
11m observed with the glucuns.
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J.2.1 . Anblnogalactan
1be arabinogalactan used here is Isclarcd from lan:hwood. It comists of a linear chain
of 8-1-3 linked [)..gidaetopyranose units wilh sidcgroups. composed of L-arnbinofuJ:U\OSC lUX! [)..
gal:lctopynrltlSC. allached .II the C.position (90). From acid hydrolysis it has beendclemlincd that
Olegalx losc 10 arahino.o;cranc Is approl imately 5:1. Upon pyrolysis. the untreated polysaceharitle
charred ellcn~ ivcl y and gave a pyrograrn wilh only low molecular weight peaks. However.
chlUlllalogl1lphic peaks corre.~pollll i ng to the anhydrtl5ugal'll of arabinose and galactose were clearly
present in 1I1e pymgrumof an amhlnogalactan sample which hadbeen previously allowed to undergo
plUton elc hange using the same procedure as described for locust bean gum (Figure 3.4).
~te tile fact Ih ill the:proton-cl d langed sample containsverylittle ash , the conversion rate
of the saccharide unlL~ Irilo anhydrosugm Isagain low, especially for arabinose (9.1':l> for ar.lblnosc
and 2005.. for galactose). This is in cornrast with the results OOt:uncd by Essig Clal, (91). They
reponed a 79% ctlflversion rale for ar.lbinosc in acid-w:lShcd com bran using low temper-Ilurc.
ucuutn pynllysis (260-3fXfCl. In this pn:scntstudy, however. it was foundlhat thc:bcsI ecevee soo
r;l!ewa., achieved ill a pyrolysis lempcl'3lurc01 4OO"c.
'u c se low yields may have :anumberof causes. II is known tl131arabinosedecomposesvery
readily at low pyrolysis temperatures (92), and II Isprobable thai the py·ac used hen: failed to
removethe ;lmhinosc products 1"1\111\ the pyrolysis zone rnpidly enough 10 prevent SCCOOOlll)' reactions.
Fenhcmuuc. it was observed U1011 , like locust bean gum, tncarabinoealactan melts readily even at
low PYllIlyis telllpcrJl un:~.
.....
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Figur e 3.4: Pyrogram o f Proton-Exchanged Ar~bin(lg a laclan.
3.2.3. D.Xylan
D.XyI3nsareagroupof plantpolysaccharidcslhatcol\~is(primarilynralincarchaln ufll·!·4
linked Dcxylopyranosc units. TIlls particular sample. xylan from oat SpcIIS. has side groups of
arablnosc. glucose, and glucuronic acid (most likely as the 4..().mclhyJester) :lUnched at the ~ ami
C! positions (90). The ratio of neutral saccharides was determined by ad d hytlmlysi.s In he
approximately IJ X): 0. 10 : 0.12 For xylose. arabinose, and g lUl11SC respectively . Xylll.~c l1l,lkc s up
almost80%0( lh<:treated polymer.
The untreated sample has a very high ash contcm (4.(J%) :lfllJ lhcn:Jlll'C il is nnl llurr nsing
that only trace quantities of anhydmsugar.i wereobserved (Fig. 3.Sa). Treatment wnn II' exchange
resin reduced the ash 10 1)J)9% amI there was a ~1) rresrnod ing Increase In tile producnnn III lhe
anhydrosuj!:lrs for c nuvcc neutral saccharides lFig . 3.Sb). The uptlm um pymlysis tcmpcrerurc wa.~
-SO-
proposed that lhis pyrolyz3le is (omlcd via the imc:nllrdlalc foml;l\ion of glnCUnlOtll3C1tlltC. II i'i
possibk thai 4..Q-methyl.glucuronlc add . like g.1lac1ouronic ad ll. is ulUhlc In ronn ;I 1ill,'!tlOC ;uk!
lherdOf'l:this ~way is unavailabte lo ll 10 (act g::ll:IClOumnic acid, both in 1II1lntts.-:charidc ouxl
polymeric term. did not produce any unique chromalOj;r:Iphahlc pyrol y"/~llc .
'Thepercentagerae of conversioncr ue saccnandcscomponcutsuf xylan huu :I11hydmsugarll
via Py-GCwas low and varied for each ne uttal sacdl3fldc: ( IO.sll>. 19.0% . and 211..5',," (ur .ylusc.
;lI'abinosc. and glucose lCSpCCtivcly). Here again. as wilh the ouer hctcroptllysaccharillcs. the .y l:ll1
sample W3S observed 10 melt :u'Idcnar during pyrolysis. 1bc yield of 1 .4- ;'l1hytlnu.yklflYrn'II~. -12.
is especially low llIld may be p3r11y due:10 the ract (lUi slime unils arc ;Illxhcd ttl umuic ;r,cids.
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Figure 3.5: Pyrogramsof Xylanfrom OatSpclts(a) Untreated and (b) Proton-Exchanged,
found to be «(X)- 4Sd'C. 4-Hydroxy·S,6-dihydro.2H-pyr.m-2-one. 8. was identified in the pyrogram
by u's EI massspectrum. II is known10be uniqueto the pyrolysis of polymeric xylopyranose unns
(93).
TIleumrucacid contentof a numberof oat xylans has beendeterminedto be approximately
3% (1)4.9S), However. no chrematogmplublepymlyzatewas observed that could be attributed
cxdu sin' ly tu 4-0. meliyl'!Jlucuronicacld. TItis contrasts with Ihe fact that glucuronic acid forms
nunlquc I"Yl\lIYl.:ue.tcntalively idcnlifiedas l.dcoxy.glucofuranosyl-umno.6,3-laClone (43). IIwas
CIIAPTE R 4: PYROLYSIS OF WOOD PUL PS
4.1. lntnlducliun
It has been recognisedIhalanalytical pyrolysis can provide a rasr and inexpensivealternative
fur the chcmical chal"dcterif.alion of woodand woodproducts(45,%,97). In particular,analytical
pyrolysisha.~ proven10 he an cxccncm methodfor the characterization of llgnlns(44,98,99,100).
However. in mcsr cases, the analytcs arc pymlyzed with little or no pretrcaimcnt, It is cl.ar from
the J'lynllysis or the isolated potysacnartdes Ihal even trace quantities of some Inorganicions can
seriuuslyarretl II~ natureandyieldof the pyrolysis products. In thefollowing sections urclmlucrcc
IIf .~ 'lIllplc pretreatlllent on the pyrolysis of wood pulps will be lnvcsugarcc. with emphasis on
anhydrmug,lr ronuuuon rnsnmc constituent polysaccharides.
All pulps were received 3Swell separated fibres or panlcles of less t han Imm thickness.
Thercforennfurtllcrsizercduelionw3seonsidercdncccssary.'J1ICsamples. original and treated. werc
even-dried OIl Sti'e fer II hours prior to pyrolysis. The following pyrcgrams were obtained by
J'Yl\lIYf.illgthe pulps ( ISOt 10Vg) withthe Pyroprobcas describedinsection 2.5.2. The fibres were
(c,l-set! apart prior10 weighing in order 10 mtnhnlzc uc creation of temperature gradients during
pyrolysis ami hi prevent Illeretention of volatile pyrclyzatcs within thesample. The Identityof the
m:tinrc;lrhuhytll"Jtc pymtyzares observed in the pymgr:uIlS of the woodpulpsarc trsicd inTable3.1
in the pruvluus chapter.
•1.2. Innul'IIl'l'tlfDl'a~hing
Astudywas conductedro deter mine the optimum methodof lowering the ash in blackspruce
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Figure 4.1: Pymgrama of Black.SpruceMechanical Pulp (a) Untreated arulIb) Acid -Wa.~hed .
mechanicalpulp. Washing the pulps wnn dcionlscdwatern rll.1J5 N IICI f:liJctlIn rcmnvc muchtil
the ash. Proton e:<change of an aqueous suspension of the pulp wilh" str ong II ' CXCh:U1b'e resin
proved a lillie marc effective . However. washing with 0.1 N or OS N IICI pr oved tn he Ihe mus t
effective. II was foundthat ue rc was lillie or nil difference in the pymgrampmtilux01'pulps :ld tl-
washedwith either conccnrreuon. Therefore il wasdecided IIIusc0.JN IICIin the IlJlowilig sunucs.
The procedure followedis as described in sccuon 2.4.2.
-SJ-
4.2.1. lIIack Sp ru ce Mechan ica l Pulp
This i~a high yic [d. ~!(lncground pulp. M uch of theconstuucntscr ueoriginal wood arc
retained. As mighlbe expected, pyrolys is of untreated pulp gavea complicated pymgram(Fig. 4.101).
II is dominatedby lhe low molecular weigh t pyrolyzalcs and only the glucose anhydrosugars arc
readily idcntiflnblc. Wa.~hins Ux: pulp wlth 0.1N HeJ . as described in sectio n 2.4.2. reduced the ash
cumelllof lhe pulp from 0.45 hI 0.05 % ,uu! also changed Ihc pyrogr:un profile quite signilicalltly
. j
JO
"i~urt, 4.2: Prnl~rJIllS ti l' Birch xtccnantcn Pulp ta) Untreated and (b) Acid-Washed,
·5~·
(Fig.4. l b). Lcvogjucosan,7J, is now me dominant pyrolyZOlIC and Ihe w l ,lIi1eIhllllalllC:lks :In'
greatly reduced in size. In adtillion. utc anhydmsugan; of Xy111SC, 42, 'lr.lhilll.1SC, 3 1, umnuosc, 62,
and galactose, 60 and 70. are observed. Black spruce is :. suflwlll.k! and trs hemicellultl.sc is
composed of aylans and gatccmgtucomannans. Thlx is clearly reuccrcd in Ihe Ilyw gralll.
4.:!.2. Birch Mechanical Pulp
TIds pulp wus manufactured In lhe SOlllle murmer as the hlack spruce pulp. The llynlg raUls
before and ancr acid trcauncrn are illuslmled in Figure 4.2. Here ;lgainl llcn: is a dr,llIwlic fncn-ase
in anhydmsugar producliun after waslung. Then: is :llstl a L'tllTCs/Xmdlng decrease ill lhe :lsh CUllh:nl
of thc pulp (0.29 10 0.04 %). Bcing a hanlwo od, hirch hCllliccilulnsc is CllllPClSCd mainly ur llyl,lIl
and contains only small cunnrrncs of gfuconmmans. 11lls is cuntinucd hy the size Ill' Ihc rcspccuvc
anhydrosugarpeaks. 42 and 65 in the pyrugr.ull..
4.2.3. Black Spruce Kran Pulp
The krJfl process has been discussetl in sccuou 1.2.3. Kml'1 pulps are usuutly clliellsivcly
dc1ignified andlIluch crthc hemicellulos e content is alstl removed (low yichl pulp). OIlL'Cagllill acid
washing greatly enhances unhydrosugar Junnnuon anti decreases the size ortnc VIII:llilc fnlnlal pc"k.~
(Figure 4.3). The ccuurosc coracm til' this pUlp is "Imust lXl'JI, and the l,lr/;c si,.e 01 the
anhydrogtucoscpeaks, 73 and H5. rcnccr thls . Lignin and hcnuccuolusc make up the rcJll:linin~ 10%.
Though galactogmcouunnans arc preferentially lost during pnlCessing, the ptescnce nl" 1,6·
anhydromannopyranosc, 65, in the pyrogram indicates lhat rcrnoval Wil." nut complete. uowcvcr.
tbcrc arc no galactose anhydl1lsugan; which sugges\.~ loss or pendant groups. 'these rcsuns were
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.i~rr 4.3: Pynlgr:unJ o( Bl:ld: Spruce Kr:lfl Pulp (.1) Untn.-.:ucd:lIld (b) Acid-Washed,
f,,1111flnIlOO by 3Cit! hyJnl lysis . Je riv:lliU lion I Gc. The presenceof 1 .4 ·anhydroarabioop~.
,11. Ii;\... been f,,1,"linnctl hy mass spectromelry tOOlh EI :mtIel).bul only In trace quanlities.
In cnnlr.m 10Ihe previous !WlI pulps. utc a.sh comcmremains relatively high (0.33% in the
;ldtl WlShcd pulp), n lis may be due roue inability or the ad d sotuuo n 10access all regions within
tbe lihn'~ nr ro thc presence Ilf incn lI1:llcri:lI tc,),!.• snrcn. In eilher C:lSC il uocs not seem 10 :I1'CeCl
· 56·
.1.2.4. Alcell~ Birt h Oru nnwlv Pulp
c.\rcn~vcly tk lignirled. Add ""a.·il1ing signifi..::mlly illlpnwcd Ihe yield tlf lhe ~1Ul.'ISC. 73 ;llIdHS. ;JIll
also obse rved. 1bc simililrily of the f1)'rograJl\li of Ihe Ak eU at" l r;l(1 pulllS is n"ll\;nkahk
considering Ih3l lWO dirfcn::mWIIIItl sllCcics:u1d l""l1differelll pull'iug pnl(:csSCli W~ 1t' used .
aJ
1J
"
Figure 4.4: Pymgrams of atrcn,\ k cW Pulp uu Umrcaled and fbJ Acid·WaoJ lCd,
·57·
4.J. Reintroducing Melal C.licms · The rJrKI on Pyrolysis
Acid w:I!,hcd black ~ce b an ptllp was rcsuS(lC1ldcd in dilute SOlutions of polaSSium.
calciunl. or in lfl flI),~" dc!icrihcd in section 2.4.4. The pyrolysis profileofl/le poI:a:.ulum-ctttklngcd
purfll.~ completely diITerentfrumth.:1l of the acid washed (fig . 4.5a). ThosepyrolyzalCSeluling liner
appnu imalely I r mlnuleli in the:acid -wa.~ pyrogram an: almos t cntirely climilWcd in this Cll.SC,
It was alsu nlt>crvC(J lhal there was a significant increase in Ihc amount of char remaining in the
flynll)'1iis rube. Such a result is in keeping with the findings of othe r researchers. that alkali metals
Ilnunu!c the cnar funn ing reactlons at the expense of those leading 10 anhydrosugar [onl1alion
(1:1,711 ).
In Cllnl r.l.~l . l hc pymgrJlDprofiles of the calcium- and imn-cxch.:lngcd pulps (Fig. 4.Sb,c) arc
nnl r.llIically diITcrcnl Irtau lhal or lhe acid·wa.'illCd pulp. tsrrercrces . however. do cJl.ist in the yields
uf allllydrusuJ;an;willi Ihe tIe!\l resens tieing obtained for acid·w35hcd pulp. Es.~ig et al, observed a
~il i l i l ar l lt'l ill fur k:vugILICu~an. 13, In Ihe pyrolysis of cellulosccoo tainingthe ehloride SOI lls of sodium
and magl-.e;iull1 (13). Re~:ently, Rk:hards er aI. carried (lUI a mere (ullIprehmsive study on Ihe
pynllY/ale~ uhtaincd fnwn Ihe fl)'mlysisof woodexchangedwilh a vanelyormctal ions (10 1). Here
again Ihey fuund Ilml Ihe [JlMIn:~ yicltl.s for lhe anhydroglucoscs wen:: obtained willi alkali melals,
fulluwcd hy alkali earth, and l r.1rl~ l i on metals, with Fe (1I}Cllchangcdpulps giving rbe best cverau
yield.
...... Till' tun aeuce or Susllcnsinn pit on the I'yn lly!iis ur Wood Pulps
Acid-wa..hcd hl;lCkspruce krall nndmCl:h:lnic;u pulps were rt'SUspcndcd in solutions of
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figu re 4.5: py rogrums of Acid-Wa.~hcd Black Spruce KrJli PUlp Treated with l a, fl.! N KCI,
(b) 0.1 N CaCI: Jill.! h; J0. 1 N r eo,
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differing pll ..00 then l!illlaled as de.o;cribcd in scaioo 2.4.3. These pulps wen::pyrolyzed 10 ecnllne
lhe Jertucoccof Lhesu.~pemton pH of the production of anhydrosugars. The suspension pH WM
p1111k:d again~ ne peak area for U1c combined anhydroglucoscs. 73 and85. ard for anhydroxylOSC:.
42. per mkm grillll of pulp pyml)'led lFig. 4.6a :ud Fig.4.6b). Anhydrosugar produetion was
lIlul ml/.ed when Ihe JoU"ipendon pH was approlirnalely I. As !he pH was increased. me
anhydrn..ugar )'k Id dRIppedquickly and levelledorr 1Ilapproximately I~ the maximum atlairuble
value. Over a numher of days. those pulps treated wilh yery acldie soreuocs (pH's O. J and 0.45)
began III degrade allli ne anhydmsugar yield upon pyrolysis dropped 10 zero. However. pulps
suspended in snluliullS 011 pH lur abo ve remained stable oyer rhe same period.
II ha.~ been pl11puSCdIhal llle pnll!uel;on of levogluc(l.'lanfrom cctnnose occurs via an acid
C:al:UYletl palhway such ::L~ lllal described In Figure 1.8 (73). Such a hYPOlhesis would cxplain (he
p11l,.'l.llllcoon ohserved here. To le.'itmts lheory. Avicel Me and ac ld-wasbcd - -cellulose were also
suqaldl"tl in S:llulion.. of diffcring pH. In this il\'ilancc. bowever. anhydroglutose production was
relaliycly (.'l.IIISl;u1\ f'lf tMlth samples liver lhe pH r.Ulgccu mined (Fig. 4.7:1). --CcUulose also
(.'l.lluilL'i a suan illlMtUnl uf :cyl;an..oo the yieldof 1.4-anhydroxylopyranosc:is p1CMted in Figure 4.7b.
ucre again, uere is very lillie variation over !he pH range eXllmined.
Whilc no se results un nOl discollnl (he pnssibililY of ilII acid cilI;alyzed pathway for
anhYll n ~~ug;Lr Ill\ltluCliun. ll~y do suJ:J:est Ihal other factors an: respousihle for thc p henomenon
Uhst.·rvCII here. Lignin i.~ prcscnuo a 1!re:lter llr tcsscr cxicru in all ihe pulps under invcslillalion anti
It m:Ly be thal Ihls pul)'lI1er can hecrrcrc Inthe pyrolysis of polysaccharides. Such a thoory may be
tluite plausihle if Irce r.ld ic31~ an::torrned during lignin pyrolysis a.~ was lcntatiyely proposed by
Evan.. cr 01 . f\lr lhe fl,"11311,,"of coniferyl a1l'Ohol (99). 1llc possibilily of lignin interference was
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Figure 4.6: The tnn uencc or Suspension pI! on the Anhydmsugar Yields ror Black Spruce
Mechanical (v) and Kraft (0) Pulps. (a) Anhyrlroglucllscs as;'l (h) 1,4-
Anhydro;tl.ylopyl"'.lJlOSC,
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Ftuure .1.6: TIle Influence or SuspensionpHon lhc Anhydrosugar Yields for Avicel
MicrocrystallineCellulose (0) ami ""·Ccllulose(o), (3) Anhydroglucoses and(b)
proposed previously by Shafizadch cr al. III explain me relalively tow yield of lcvuglucnxantnun
acid -wa.~hcd ccnonwcoc ( 102). This theory was discounted when CllllllnW{llkl li ~nllt"lIul ll.~ gave
excellent yields of tcvogtuccsen ancr extensive wa.shing with deioniscd water. However, it W;L"lIlll
taken into eccour a thai !he lignocellulose was isolate d by digesrion in 1% sulfuric :lCid at high
tem perature and pressure. The se aggrcssive t-ondiliun" could easily have changed lhe chcrnfcat
composhlon of Ihe remaining li gni n and errccnte way in which lhe polyme r II)'rlllyl.cs.
Milled wood lignin is isolOiled Irum wood whhcut the usc of acids or bases ( 103) iIIlll is
conskicred 10 be reasonably similar in structureand cornposhlun til nauvc ligllin. A sample
obtarncr fromspruccwood was pymlyzcd beforeand aller heing treated wilh 11.1N IICIfllr twa huu~
(Fig. 4.h .h). While uc pynllysis pruflle was nOI 0I1 ren:d mclical1y, lhe Ilymlyzarc yields WI'1C
slgnllieanlly reduced by ad d wa.shing. TIlls docs netprove nun lignin inter feres whh tnc pynllysis
of (I(Ilysact haridcs. but it docs show that lignin pyrolysis Is :lffeeled hy :Icid washing.pnssihly due
tOl heprcs ent'Co f liJCcqullnrilics uf acld inl he s,lIl1ll le.
Finally. il was rep orted in sccnon 4.2 nuumc pyrngr:Ull pm lile uf Fe1'-ellclmllgcd kr:lfl lKllp
is very similar Iu that of the acid- washed pulp, and Ihal Rich:trtls cr ,II. hlllluillm i rc".
exchanged wood gave goud yields oruc allhyliruglucnscs (1ll1I, II is rhcir hypnllte.sis lh:ll lhe melal
Ions preventlig nin from inlerfering in the production orlc vogtocoxan [mill cellulose. IrIs pussihk ,
uc rcrcre. Ihal acids also blnck lignin Imerrcrcnce.
Because our prcscm untlcrslandinguf p dysaccharide and lignin pynllylic liled ianblll.sis p Klr.
it is nnl possible 10 explain me exact cause urihc plf dcpendcncy. Hnwevcr. nur results muy hclp
to begin to explain Ihe low yields of lcvugluccsan IJhlaincd rmm acld-wasbed WIK lI.l lhar nas
..,.
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Time (min.)
.i gur e 408: Pynlllr:lmS or Spruce Milled WOOl1 Lignin (a) Untreatedand (b) Acid·Wnsncd.
suhscqucntly been washed 10 neutrality with dclontscd water (101.102),
4.s. Idcnlilicatiun uf the Pyru l~'"la' C5 of Ad o.Washed Black Spruce and Ilirch Mechanical
Pulps fly 1·~·· r.C ·MS.
TIll: pyrugrams of Ihe mechanical pulpsarecomplexand. whilecapillaryGCcanseparate
Ihe p)'mlrJaICl>quite well. it is freque ntly durtcunro make a definite peak assignment when using
·64-
a non -specific detector such as an FlO . Mas.~ spectmlllctl)', on the other hand. is itlea,1fur pnll,!ttcl
idenlificaHon and Is ea.~ i1y interfaced witJI modem capillary GC columns. 111e usc tlf un-ltnc
pyrolysis with GC-MS (Py-GC.MS) makes il possihle to separate ami ldentif'y the volatile
components of complex pyrolyzaromixtures.
Though all the pulps W<:I'C investigated using Py-GC-MS, only the acid-wllshed Illeclmniclll
pulps of black spruce and birch are discussed here. 'tt e se pulps g,IVCthe lllllSI complexpymgram
profiles ilIldwere the most challenging 10 characterize. In ad dhlen, il was fuund ihal pyllllysis uf
the krJf! and organosolv pulps failed 10 produce any PYllll y~.u1CS nul already observed in the
pyrograms of the mechanical pulps. In order 10 acquire ;ISmuch inrllnnalion lISpossihle Oile,lCh
product, bethclcctmn impact (EI) ami chemical ionizalion (CII Ill"SSspcclwllIelric techniques were
utlflzed,
4.5.1. Electron Impact M ass Spectrometry
EI mass spectrometry (ElMS) or polysaccharide pymlyzmcs su ni::r.~ In uu ,I muubcr n]
problems, as it docs Ibrcarbehydratcs in general. T he slmng iOlliz,l1\Ull ClllditillllS (i.c, 711cV) cause
extensiveIragmcntatlonand rearrangement, rc.~u liing in spectra Ihal are c1umin:lIL't1hy Iuw motccuinr
weight tors. The mctccular ion is usually absent from the spectrum or is presellt at vcry low
intensities. Moreover, it is impos.~iblc 10 d i sl1 nl:u i.~h between cumpuunds uun dlffcr nnly ill Iheir
stcraoccnflguratlon. Furexample, the 1,6.anhytlrupyranuse SUgMsor g!UCllSC,nmllllJSCal M1gil!ilcliise
give the same EI spccnum. as do the 1,4-anhydrnpyr,lOose sUllarsor lI. ylllsc andamhiln<;c. Figure
4.9 tttusuacs the representative EI spectra for lhe anhydrosug:lrsobserved durinlllhis invcstig:lliuu.
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TIM: lulal ion chromalo;rams (TIC's) ro, black spruce and bird!. mechanical pulps an::
iIIuslrated in Figun:.~ 4.10 and 4.11. PcU assignments (Table 4. 1) were made by all'lIpann; lhcir
mil...~ spectra willi those pn:v iou.~y reported in lhe lilera/ure (45.75,96,104-106)or, where possible,
willi ~t'" ohl.ainctl fu' known compounds. lbc anhydrostlgarswere idcntined bolh by their EI
milo;.<; spectru and t1M:ir relcntion lime.,. The pyrolysis products oblaincd rrom lignin have be n well
uocumenled (44,9'J.lfXl,I04-106). Alll ignln pymly.,....es observed bere are monomeric. phenolie
cOlllflllUIJtlS, thnugh there is evidence from other researchers that dfmcnc pymlyzatc species arc also
pnuluccd hy pymlysis (99 ). 11Jcmass spectra of IJgnin-uerived pymlytales arc usually quile
t11 .~l i llCli vc andalways Cllnlllinrue molecular ion. Pyrolyzatcs wuh similar molccular wclghtsandE1
spccim (l.e.• eugenol,.U and t1s- end trans-Isocugcnol, 38 and 44) can be dtrrcrcnnnco by their
rctouvc rctcnnnu times a~ repmled by Faix ct 011. ( 1()4).
Pmblellls were encounteml when 'lC ldenliJicalioo of ihc lower molecular weighl
carb.J11ydralc pymlyl.caleJ Wil~ ancmpred, This was due 10the Ixk of char.lClcriSl.ie ions in their mass
:;~r':l ra. In :'IUl1le cases tiM: rnolec:ul;u- weights obtained (rom OMS 0llll1'0r lheir relative relel1lion
limes aklcd In lheir itlcnlilie:lliun. Finally, because lhe inili:LI oven iempcrarurcwas IWC. many or
Ihe early d Olin);pyn1lyl.alcs are onl resolvedanti no altempl W:lS made 10idcnliry men .
TIle urigin (If the pulps can be readily deleffiliT1C4 by cx:uninin); their TIC's. For example,
the pyrogmmfur hin:h mechanical pulp containsqunc a few syringol ocnvauves which Is Indicative
of II 1~lrI lwll(111. As expected.the pyrugr,ull for black spruce pulp docs not contain these pyroIYl.ales.
IIl ,uliHliulI. it can he seen uuruic mnnnoseand galactose anhydrosugars are quite abundanl in the
sllflWlllx!pynlgr.Ull when:a.~ 1I11ly small quanthlcs arcprese nt in the hanlwood pytegram. Initl:l1ly
in the sudy . a wide hun: DB-I701 column (0.)29 nnn i.d.) was u~d 10 resolve Ihe pyrolyzalcs.
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Fi..:un · ~ . IO : "fIlial I,m Chroll1:uogrJm (TICl for Acid-Washed Black Spruce Mechanical Pulp
.6ll-
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Figure 4.11: TOlal Inn Oll'OtI1:Ullgraru ,TIC) lhr Adll·Wil~hcd Birch Mcch:ullcaJ l'ulp lJ lJlalflCd
by Py-GC·MSCEIl.
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Tab le 4.1 (runtlnued):
Peak t•.Io:nlific:at ion Mass ..' (MHO)' (MNII:)' Origin
No.
'"~ 1,6_Anhydrogalacto('IYu nosc rs 268 8 ". 18O P
(01 Syrinsol. 4·vinyl HIO 27.22 18 ' 1')8 L
sa Syrinsul, 4-allyl I'" 27.61 195 2 12 L
(,5 1,6·Anhydromiinnupytilnosc re 28.58 ... 180 P
(,f, ConiferylA lcohol ,"0 28.511 I" 1<)11 L
67 Syringol, 4-propenyl (cis) 1" 28.90 195
'"
L
70 1,4-Anhydrogalaclopyranos<! is 29.~SO _. 180 P
11 Unknown 7 29.78 N.O N.O. P
7J 1,6-Anhydroglucopyranose
'"
30.50 .- rsu P
7S SyringaldehyrJe 182 3 1.28 18] 200 L
78 Homosyringaldehyde 196 32.22 197 214 L
79 Acetosyringone 196 32.78 197
'"
L
.0 Unknown 'Ill N.O. 'OS ... L
8J Coniferaldehyde 17' 33.65 179 196 L
85 1,6.AnhydrogIlICOfuran<lse 162 33.95 .. 18O P
&: Retention lime from El tcta l ion chroma tograms (J1C's).
': Pretona ted molecular ion and ammenla ted adducts in ammonia CI spectra.
N.O.; Compound 11001 ubserved in specified ion chromatogram.
[;; Lignin Or igin.
P:Polysaec:haridcOrigin.
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However. it was ruund Iha' 1,4-anhydnlx.ylopyr,umse. 42. (Il-eluted wilh 4.mclhyl syringll\. .1.1. :11 1\1
was only partially scpanuc d rrolll ltl1lt~ - is(leugcn\ll . 44. TI1i.~ pnrhlcm was SllIvcd l1y U.~ i llg ;1 nanuwcr
bore column (O.255Il1m l.dj.
4.5.2. Clwmicalloni1.alion Mass Spt'Clrmh\'Ir)'
Carbllhydrates and Ihclr dcnvutivcs are 1:lhile mmcculcs und, as isohscrvcd in Fj ~lI~ 4,t).
extensively rmgll1clll under the slrong iunisatlml condttinnsor ElMS. ElItcltslve fr,II! I1l ~1\I:l,illn is alSit
obscrvcdln CIMS when Ihe major Jonizanon mode is pnllnn uans rcr (1071. For cxamplc, Wlll'U
methane is used as lhc CI reagent gas, the mass spectrum fur levllglucns;u1shilwscucnslvc. lI~mgh
simple. fragmentalIon wilh a relatively small Mil' audllel iOll (fig . 4.12ll). '1 ,c majur fCilgCllllons,
CH,' anti~tl~·. have relatively low pnuon"mnilics ( 1305 ;md 16J.5 krnl.mol respcclivelyl null
will cxnthcr uucnlly lose ,Ipnnon to IUllsl urg:lllie motccutcs ( 1fJ7l. Isuhl1'ane CI also prlltCll1nh:s
levoglueos:m. IIKlugl1\he Illolcculari nn imcnsity is higher ;Il\tllcss fmgl1lclllaliull l1l·CU I .~ (l'i~ . 4.12h ).
ac causc nrthc higher proton ~mn ily(PA) lsobusmc's re ~gcUl ion ( I\lCJ.\I kcul.mul' for CllI,' 1IIrtltllU
uansrcr is less cxmhcrmic. In conrrsst. when mllnmnia is used as 111l' rc~gellt gas, an i 11 1ell~
l M+N H~1' cluster hill is fcnucd wilh little or IKlrmgmcll1,llilill (l'lg. 4, 12c). NIl. ' ha.~ ;1 hi~h 1'/\
(205.0 le al.llm!·I) and will only protonatc moiccutcs u l similar ur highcr ilnillitics. Fllrthellnmc.
earbnhyllrJtcs are also polar and polyhydruxyl in nature which racrnnucs the Iimlla1ill11 ul Mahle
cluster jons with NII/ lhmugh hydmgen bnlldillg.
Ammonia was selected as lhc reagent gas ln the ClMS slullicshct;:IUSC of the simpJicily ul
the resulling curbchydmre uucs spcctna, The TIC's obwilled for hlack spruce mul hirch IIIl'cJlilllical
pllips usillg Py.G C-CIMS are given in ligures 4.13and 4.14. Many nlt he peak llssigll11lCIIIsmade
.7J.
b) '"
c) j rt__l
'" ~,,----;;;;
Fil:urc 4.12 : Cll1.'mical I (\ni ~.al ion le i) M:l~S Spectra of Lcvogl ucosan using different reagent
~ :IH·S. tal Methane.till n-tsobuunc and(c) Ammonia.
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in Table 4.1 were ron limlcd (III the b.1:ds or Ihci r nlllhx ulM ~ighL~ (lhla illC'l.l by O MS. D..'Spile a
higher b3ckgrnu nd signal in lhe Py-GCoCIMS TIC"~ me majurity of ne rynllYJ al e~ itk l. i1kd hy
Py-GC·EIMS arc observed hen: also.
Table 4.\ also ttsu the molecularmass of each pyl'l,llyJalCand 11K'ub'iCnrL>t1 '1I1duL1 Iorm...]
with ue reagen . ions (l.e ., IM+H I' (I f IM+ NH. J'). By anti large the cart....dlytlr.uc pynl[)'l'ales
cxclu'iivcly (Uffill::dIhe lM+NH,I' :adduct.CJlL"CplKIfl'1 heing J7 and 40 which funned huill. On the
olhcr hand. Jhc rna.....spccl l'ilof all lhc lignin pymlyt :dcs Ctlflaincd the r1fll! lMUl c:d lIIu!l'(.'U!;II" itln (H~.
4.153). However. man y. including all the flyroIY/..:I Ic.. tk rivcd (mill syri"gu~ nMI~Iies, alsn (IInlll"t1
me anuucnlatcd atkJUCl (Fig. 4. ISh) . TIle f:u..1 thai the lignin 1")'01Iy,.3Ics pn:rcl\'lItla lly f"fm Ihe
prolonated molecular i(lf1 is nol sUlJlrising. II ha.s prcviuusly been .~I K lWll l h: ll l hc :llltli!iUII uf pillar
functional groups such us hyll l\l ~ y l s. aldchydcs aml mclhllJ\yls iHCn:,LSCthe 1'/\ IIf IlCll ellCIIIvalues
VCI)' close10Ihal for the allll1llllll ulL\ n::llgcnl iUII ( lUll). Under ll~ l;unl!ililllls 11/1111111 Ir;lILsl'cr wlluhl
be lhe prdelT'Cd \liI1hway. However, Ihe mure highl)' SUhsliluled lignin p)'nl\Y/;ll ~'S ate alSllmUle
polar and are proh;1bfy !rUer .llble In (lin" a Jo1ahlc clu...cr iun.
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I-l~u rt' 4,1.': Tot3J ton Chronunegram {TIC) lbr Add-Washed Black SpruceMechanic:LI Pulp
Ilblaincl1h }' Py.GC-MS{NH.,-CI).
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Figu re 4.14: 'rota ton OltOm alogram lTICl l'ur Acid·W ;L~hcd Birch Mcchanical l'ulp llhtaincd by
Py.(JC·MSfNll,· CII.
CIIAPTER 5: PVROLYSIS OF SUI.F ITF..TRI-:.\ n :l> I' ULI'S
5.1: lulr odud illn
In Ihe previousch:lpler il h.u beenoJcmonstr.dcd Ihallk.id-W;l~hir. ;Greally hnp1\1V1:1I1": ylcllts
of anhydrosug:1t5 from pulps and tJtl1 ue r yrogr"'lls d early rer tecrIhc ir~duride ~''''II(l{l!ill illl '''
However. the pymCr,lm prulile of acid-wa!;heu !;lemn-(:KpIiMIctI :asp;:n pulp wa~ tluilc diffcn;nl frUIII
uo se of the OIlier pulps InvC:iligll.lcd(Fig. S.lh). TIle domhl<\1\1 peak. was dclc:nnhk',1 hy llla~~
spectrometry (section 5.3.2) 10 he lr:vnglucu!lClIlll":. IOJ, lUMI. liSwillhe dL~Cll.",~cl l in sccl jnllll. I .2, 11~
yichl!;of glucose, 73 and MS, :nlll xylose• .12, 'luhytimsug'lI'S were si~l1 ilicalll ly tower thnnCX IM'Clcli.
TIlis r:hellolllcooll could nol be :lllribuI~'tI1U n.-sidu'll n~ h ill tbe wilshctl (lul(l, .~s 'lC id -wa.~ hi ll l!
waseffective 1IIremoving :almosl all er n (fmm 1.211% In IJ.I II',(,). 11..: " nMluelinn o r larJ.'C tlu,lnlilk s
of Icvoglucoscoone Is slgninc:U\I. II I\:L" bcell rcrll!f1cdIh;" ;!Cid calalY-'ll euhar ...'e Ihc funll;llitllt III
Icvoglucoscnollc trom cctluiosc(71. 109). TIIeSC linlling were 1.' ll1fimll..'t1 when 111 icmcry!il:lllhll:
cenuiosc samples, so rbed willt a varia y III (liIule:acid lIululilllt, t!iUlfurit:, 110 alld eccnc :lCids l. w,'re
pymlyLCd(Fig. 52). It was found tl131 Icvogl~ntM": W:L~ IlInnet.! :II lhe Cllpcll'it: IIr lht:
anhytlroglucoscs. :and lh:u sulluric acid was by lar the must enccuveCalal)'1'>1. It l \;l~ alsu l1C1.'11shllwn
thai Icvoglucoscnonc is ue dtMllinanl fIC:!k.in the r ymgr;lllls ul !iullated lilgal IXIIYS;lCCh;lrH!l.-s (I lfl).
However. nus is unlikely IIIbe due tu residual 110 rellllliu;l\g inme pelp liner add.w'l~hi nl: , ;I~ :111
pulps were trcntcdlu an idcnlk al lIl:lllller :lllll llUIl\hc r pulp cxhihilctl lhis r hcreuncnon.
Steam-explod ed aspen diffcrx from the IIIher pulr.~ III Ihal tt was treated with Wi!, NaJS() ,
during rrr.~"essing. A~ l11us lralet.! in Figure 1.5.. .w lfuuic acid gmuJlSare illClJllxltalcd hllll lit:lliu
during sutme putpinll. Becau se stC:dtl-crl ooetl aspen is a high yield putp, much 01us liL!nili CIIUICl1l
·71·
a)
r;.
b) '~LL·'·r; .
"" ""
"'i~urc ·US: Arnmunia C 'cmical II,ni7,:l\ion Mass S~Clr.1 of (a) 4·Vinyl Guaiacol. 32. and (b)
-I-Methy l Syringol. .J.t
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Figure 5.t: Pyrogrnms of Aspen Steam g xploshm Pulp (a) Untreated , (b) Ad d-Washed and
· liO·
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Fi~lI~ 5.2 : Pyrogram of Avicel Microcrystalline Cellulose sorbed with dilute Hz50,.
is raralncd. It is possible. Ihc refore, lhal lhc prcscnccofsulfileo r lignin sulfonicacidgroups in the
pulp Itself greatly affects UICpyrolysis o f the pulp carbohydrates. Interestingly. pyrolysis of the
untreated pulp did llOtproduce lcvogfucosenonc (Fig. S.l a). This Is probably due. ar tcast in pan .
to the ract mat the: sulfonate groups arc "blocked" with metal cations. Acid-washing, however,
protonarcs the sulfonic groups and thus promotes lhc: in situ production of a strong acid during
pyrol ysis.
5.2. The E fl'cct or 111 n.Excha ngc with Fel•
1111: mcorpcrauon of Fdt ion> tmo the acid-washedpulp of steam-exploded aspen. as
dcscn bcd in section 2.4.4. significantly improved the yield of anhydrnsugars. and thc prcducrlon of
lcVllg IUC\lSCl\I.IOC was drastically lowered (Fig.S.1 e). The pulp was exchanged with iron (II) Ions
because it was (jCJl\OIISIr.UOOthat this mcur species docs not rndically alter the pyrogr.un profile of
-8,-
b) L'lJ1lJj as
10
'"TIIl'Ie(min.)
JO
Figure5.3 : Pyrogl'3ms 01Noranda Sul liu: Pulp (N.5.P. '231090) (a) Acid-Wa..~1Cd ,md (h)
Fe:·.Exchanl,!oo.
black sprucekraft pUlp (section 4.2). In most respects Oils Fch -c..,diangcd pulp pyn,groun resembles
those: cr ccmccnaruca.high yield pulps discus.scU nu nc previous chaptcf (Flg 4.1 antl l'i g. 4.2j.
Aspen is 3. hardwood species andthls is reflected in the pymgram 01'the Fch -cxchangcllpulp. 111C
peak intensity for 1.4.anhydrullyJupyranusc. 42. is relatively large whereas llial Il" Il,-
anhydmmannopyranosc. 65, Is quite .~nlah .
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By way nf com parison, a high yieldspruce sulfite pulp W:L~ treated and pyrolyzcd In the same
mann er. uc rc al so, py rolysis orIhe ad d-washed pulp produces large quanthlcs of tevogtu cosenonc
and the r lchls o f the anhydmsugar.l arc sillnilic anlly towered (Fig . S.Ja). Howeve r, thi s trend is
reversed when Fe!' ions arc exchanged tntothe acid- washed pulp (Fig. S.3b). The so ftwood nature
of the pulp Is npparcnt fro m the size of me 1,6-anhydrolllannupyrnnosc peak . 65 , in this pyrogram.
II would seem, therefore, thal n is possible to prevent lhe unwanted catalytic pmpenlcsof
the su lfonic add gmup s duri ng pyrulysis by bloc king Ihcm with a "benign" metal ion. However, this
hYP()lhcsi.~ wuuld ~:CC Ill. at firs! glance. 10 clash with the observations reported In section 4.3 where
II W:ISsuggcslcd then II1:111he presence of acid is bcllCficial lo the production of ;lllhydrosugars from
woml pulps. /l IIwy be lhal IIlCnature of the acid anion is important. The pymgram in Figure 5.2
i1!uslmles the crrccr of .'ltll'hing nucrrc rysmnlnc cellulose with dilute sulfuric acid. Avlccl MC was
:lIso .~llrlx.."(1 with equlvalcm "llIOUllts of lICI and acetic acid solutions. however, these samples
Ilmduccd nlr Ics.. lcvuglucos cnnnc andthe yield or the anhydroglucoscs was almost as good as for
lhc original polymer. H1SO~ is :1vel)' luvulatilc acid and may. if fonned during pyrolysis, pcrslsr
lung enoug h inuc sample1Uinllucllce uc pyrolysis of the cnrhohydrates, On the othe r hand, Hel
:UlI! CIIJCOOII arc lxllh volalilc andwould be removed almost immediately from t hesample.
5 ..1. C'OI1lIJllrl l lh 'c Yields uf AnhydrosuJ:lrs Obt ained from a Sutrtte Pulp Exchanged wlth
:I Var iely nrCll tiuns.
A number (If metallons, as well as NH:. were exchanged 11110 a spruce sulfite pulp, as
de scri bed in section 2.4.4. in order 10 dctenninc which calion gives Ihe maximum yields of
:mhytlmsug:lTsupon p)·ml )'si.~. TIleyields of the anhydrosugars or gfuccsc, xylose and mannosc from
the cation-exchanged putps arc prcscmcd In Table 5.1. 111eresults arc expressed relative
10 Ihe yields obtained for the Fe~'.exch:Ulged sampte. It wus observed Illat the IJest IIver-dl yields
were oblained for Ihe Fc2'- and Fe)'-exeh:Ulged pulps. The patassium-cxclmngcd pulp gave hy rar
the Jowcst yields for aU anh)'dmsugars.
Alt hough fewer cuuontc species were lnvcstlg.ucd in this illsl:lnce. it would seem Ih:11 the
trend observed inTable 5.1 rouows thai reponed by Richards ct al. (IU!) for lcvogtucosanpnxluclkm
from ion-exchanged Wood. In lhe present study. however. uc extent 111 which anhytlillsugar
production is nrccrcuvaries fur each sacchnr hlc species present. Furexample. C:llcium inns nrc lI1UTe
detrimental to me pmducunnor ;mhydroxylosc man10nator the oncr :lnhydll1.~ug;lrs.mnlHg" lUllS
have a greater cOCCIon lhe yich.! of tJI·:lIlhydmm,ulllll(lyr.UlllSC. \( W,lS Ilcddcll llml I'~ ' wuu ld he
TAUI"I<: 5.1 : Compara tive Yields of Anhydrusug :lrs tnu» a Cilticlll-E"ch :l n~cd Nur:Uld:t Sllllilc
Pulp
% % %
Cation Anhydmgluccse' AllliydmltylusclCpc: lk Allhydll llila lllillsc'
(pe ,lks 73 + ItS) 42) Cpe:lk (l~ )
Fe1< 100l% tlXl'l!, IO'Y~,
Fe)· 97% ll Jl' ,lf, 120%
Nil , K<I% lIS 'll, 41)')\,
Hg1' 22% 211% ')'1'.
Col?o 22% 3'};, 41')\.
K·
'"
lY!I, 11'1',
NII/ 105% 74 % 74')\,
I : Calculated as the peak area per microgra mof me pynllyzecl pulp sample relnuvc In the Fe' ··
exchanged pulp. Avcragc of duplicate analysis.
-H4-
usc(1 fur all future quahtanvc and quantltanvc inveMigations involving ion-exchanged pulps.
S.4. I' y-m;-M S {E Ij llf SunwlIod Sul£ile Pul ps
n ccsusc the pyrolysis pr oduct pmfitc of the sulfltc-ttemcd pulps changed qu ite cons ide rably
wilh the type o f prctrcannc nr. it wax decided to i n ve.~li g :l l e the ldcnmy of u»pyro tyancs using Py-
GC-MS (El). Dilly clcctnm Impact mass spec iromc uy was used in th is Instance. The pyro lyzatcs
were idclltilied lumc same manner ...~ described ill the prc vlous chaple r. T he expe rime ntal conditions
were as descri bed in sectiun 2,7. 1.
5.4. 1. I'y·(;(: -MS mil of umreau u Spru ce s uu ueI·u lp.
'111e TIC fur an untrealcd SPlUl'C sum le pulp is given in Figu re 5.4 am! the rdcnuuc s o f lhe
pynllY1.ales aTC lisled in Table 5.2. 'rue domln am pea ks In IIle pyrogram are de rived from trgntn,
1I,IH,32,4·' and 46. 111e umjnrhy of ihc lignin pyrelyxatcs were also observed in the pymgmms of
me mechanic al pulps discussed in the prev ious chapte r. TIle prod uction of th e anhydrosugars,
-I2.(i5 ,7.\ ,u1I1" 5, is very luw andthe anhylhtls ullars {If llalaelUseare lutall y abscnt eve n though results
llhwlncd hy ,ldtl hyllwl ysis - derivmiz:lliuu l GC indietlle a residua l presence (app rox. 2%) in the
lJulp. Funhc nuorc.thls TICis notuhle lor the abse nce o f levogfuc oscnonc . TIle large peak at 19.45
minutes. or xlmilur rercnnou lime to Ic~oglue()scnune. has been posili~cly identified as a-m eth yl
l;u..iaeul.UI.
The llgnin py rolyzatcs were hlclllilied using reference E I spectra Iro m the Inc rarurc
(45,7S,lJfI,I ()..I- ](]6) . Mosl of the lignin [lynll)"I.ales we re also observed in the acid -washed blac k
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Figure 5.4: Tolal Ion Chromatogram(TIC) of Untreated Nornnda Spruce Sulfue Pulp
Obtained by Py.GC-MS(EI).
. !IIi.
SllruCClllcch:lllicalpulp(sccliun4.4 .I).
5.4.2. l'y.(;(;.MS mil or Acid-Washed Spruce Sulfite Pulp
Acid w:lshing significantly alters Ihe T IC of the sulfite-treated pulps (Fig. 5.5). The
pynlgr.llll is nnw dumlnared by lcvnglucuscnon c, If}. anll lcvoglurosan. 73. The aohydrosugar o f
xylnsc. 42 , is nlso grcmly cnlumccd. On the otuer h,ulll, mos t of u»curty elut ing pyrctyzarcs
nlt'icrvc tl in l hc~ TIC uf Illc ururcncd purp. 4·26 . arc either absent o r great ly reduce d in slzc. Two
cnrtxrltydratcspymIY~:11CS. 2.\ und 49, arc unique to the TIC or the acid-washed pulp and may
pmsihlyhe pyranollcs,
Pu nhcnnorc, Ihe lignin pymlY1.<1lC profile is CtJlllplctcly changed. Most of the lignin
pynlIYi':LlCS observed in Fil!urc 5.4, 1I, I H.2S.J.l~15, JH,44.56.57.76 and ItOarc absent Inuuihts trace.
'l'hc TCmaining idllnliJi:lhlelignin pymly zatcs of significancc a rc eithe r ~ldehyde.~. such as van illin.
-l6. aml lllJl1 l1v:miJliIl.S.l. o r kctulles, such lls gu aiacyl al'Ctol1c.6J.
Three new and unuxualllgnin pyrolYl.ale s. SM. 72 and KIi.were obse rved in th is TIC. Tbclr
IIln lecul ;,r weigh ts arc Cllllsidereli lu he 192 a.m .u. and th e ir mass spcc nu arc very similar (Fig. 05 .6).
Palx1'1lli. ( 10.'1){Ihserved two peaks uf the sallie molecular weight in the pyrogram of mill ed wood
lignin Imm IIlutnlwond, Itowevcr, ncilher lheir speclra nor melr rc rceuon limes. retauvc to vanillin
ona simil ar column . l'l,lrTCspl.mdwillI mosc of the pyrclyaacs observed in this sulfite pulp. Due 10
Ihesi llli l;uiIYllf lhcirsjlCc tra. ilisprull;ahle lh;lllhese pymIYlalesllrcisomcric.
Considering the structures Ill' the othe r lignin pyrotyaarcs. the most Hkely empirica l fonn ula
·OJ·
J ,.
.
f iGure 5.5: TOlallon OltOnlJlOgramm el or A ctu-wasl1Ctl Nuraooil Sprua: SuUilc l>ulp
OlK3incd by p)'·GC.MS(EJ).
.se-
Tahle 5.2: ldcntilicaliun (Iflhe rymlyJ.atcs in the Sulflrc Pulp TIC's.
Peak hlcnlilic<ilioll Ma.~s Origin
Nu.
I ( 2I1j·Fur :ul·)-l 11lC 84 P
3 2.Fumltlchydc 96 P
4 2,3-Dihytlm·5-lnclhylfumn-2..onc 98 P
s S-Mclhyl-l-furaldchydc(+un kllOwn) 110 P
7 3· l lydm~y.2- l1IC l hyl- 2·cyc1°flCnlcn. I.() nc 112 P
, 4 - 1 1 }1I m~y- 5,(J-d j ll ydm·(21 I J- pyrall-2 -onc 114 P
'J 2. l lydm~y·3-Il1 C l hyl-2-cycl(lpcnlc n · l -ollc + Unknuwn 112 P
II Guulacel 124 L
12 2-Fucnic acid methyl ester 126 P
14 3·l lydmxY·:!·lIlcthyl·(411}-pyrJn4 -unc 12. P
"
;'j.JI)'llrmymcthyl.2·IClr:LhydrufumlrJ chydc (t) 144 P
17 2-(pnlp:m-2-nnC)l clmhydrorul'an 128 P
"
GU<li:II.:tJI.4-111Clhyl
' 3K L
tv Lcvoglucescuonc 126 P
:W Mclhylhmll)'H411)-p}'r:1ll-4,ollC 13g p
21 3..'i·Dihydmxy-l · Il1Clhyl-(411)-l1yrJII4 .ullc 142 p
"
Unknown 7 p
:n UnkllllwU(pnssihlc pyr:moncl 126 p
25 Guaiacol, 4·Clhyl 152 L
211 l A · ~ ,(I. lJianhydnl ·o<·D ·1!l ucl1jl yr.ullJ~C 144 p
"
Unknown 174 L
2') Llukuewn 174 L
] 0 Unknown ., p
~2 Gmli:lcII1.4.vinyl 150 L
.u El1~l.'nll l 164 L
T abll! S.1 (CUll1hlUl!d) :
Peak Identilicalinn M;l.~s Ori ~jn
No_
34 5-Hydroxymclh)'1.2-rurJldchydc 126 I'
3S Calhccol 110 I.
J8 tsoc ugcnot
""
I.
40 1 ,4 .Di d cm\y-D' l! lycc rr,l . I -e r·: r)'r:IIl(\s- J' lI h ,~ 144 I'
42 1 .4 ·mlhydroKy l(lpYfan(\~C 132 I'
44 ls ocugcnol (lroms)
""
I.
43 Unknown I'
4(, Vaulllin IS2 I.
47 1-(4-l lyr,/ nlKy-3-mclhllxypllCll)'I)prllp)'l1e Ih2 I.
4K 1-(4.ll ydmlly-3-mcIIKllIyphcllylJal1clIc If.2 I.
49 Unknown (pussihlc llyr.U1UllC) 12/,
"
51 unknown -,
"
53 Humuvnmlfin IfII. I.
54 Unl;nuwll,mhyurtlflClIltlSC 132 I'
55 Aceluvallinulle 1M I.
"
I\cettlgUtlr:lCol1e IMI I.
57 Pmpiovallinoue \1(0 I.
"
ClIH1,;O\ In I.
"
Slrucluml l);ul1lcru fCClllircr:lldchydc
'"
I.
61' 1 ,(j -Anhydf,lg(lI ;\CI\l pyr:lI ~ lse 1112 \'
OJ Guaiacyl Acetone IXII I.
M Strucluml lstllllerufCllnirer:lldchydc
'"
I.
65 !,(I-Allllydnnl1,Ulmlpyrall\lsc l/12
"
66 Srructuml lsomcr nlCnullcryl A1l11tHd IXII I.
6K unkn own I'
., Guaiacol.vinyl ketone 17K I.
.')1)-
Tllhle 5.1 h..1Hllin uetl):
Peak IdcnliliC:llinn Mass Origin
Nu.
711 1.4-Anhydmg' llaclupyr..musc 162 P
72 ('1I 111l0 , 192 L
"
Lcvngluc(l.~an 162 P
74 ClllfuO. 192 L
1f, Dihydmwnifcrylalcnhnl 182 L
77 Cnnifcryl ;lIcnlM II (cis) 18. L
'"
Ullknnwn 23. ,
xt Unknewu , r
"
ClInifcrylaJcn lKll 18. L
"
Cnllil'crahlchydc 178 L
"
1,f1·AnhYllmlllucu rUr.01t1SC 162 r
", Unknowll <' p
"
Unkunwn , ,
"
CII" 'lO, 192 L
1': 1't1ly.~:,ccharidc Ori~in.
L: Ligni n Origiu.
for Lhe.'1C unknuwns is Clll lllO". The number of rings plusdoublebonds is 6 for this formula ( 111).
'nil' most inrnnn;llive r"' lllllelll luns arc II1fl. \(13, J09 .md68. TIICmIl. 163 ion is probably fbrrncd
hy Il l .~ .~ 1,1'2" n.tu.u . rnunue ruolccutarinn. TIds could be due 10the loss ofCHO· or c; H$'. Given
the uns.numuon indicaled hy Ihe molecular fonllula, lhc runner mdical ls the Iikelic rC(lmlidale,
sllgge.~ljng the presenc e (If an aldehydc group. TIle pnuulncncc of Ule m/z 109 Iragmcmion is also
sillnil1cilll, as nus is alsothe basepeakin the spectrum of guaiacol, A secondfragment ion, m/z 8 1.
is nlsupn.'S\.'1ll in all .~fX'Clr.I , includin g th:ll of guai,lCUI. This stf{lngly suggests Ihallhe pyrolyzntcs
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(72) 10911001,6811001.192[711. SI[jOl. SSISOI. 53101 21. 52[0121.4 31301.1631251. IHlI2.~I .
(88) 109(1001. 68{59J. 192[511.55[501.811421. 1631301. 1101301. 53[301. 7l\127j. % 1251.
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Figure 5.6: The EI Mass SPCClr:U Dataand ProposcdStructures for !he UnknownLIgnin
Pyrolyz:ues 58. 72 and 811.
resembleguaiacolln seucurrc. Finally.lheprum incnlinll atm ftllK canhcexplaincllif lllllhelllUlIls
not Includedin the guaiacol structure are coruarncdin a single sidcchain. ·n li.slou rnuld he J(lnned
by nssion of the sigma bond 10 lhe aryl croup plus a pmtnn migrOlllun. 1111s may OII.soexplain the
relatively large ion 011 mlz [ 10 found in llle spectra of compounds 72 and HR.
Basedon this information a number of tentative structures arc pmpClScd IFig. 5.('). If ucse
structures are correct then there should be another pyrolY/.ate with a mass spectrum similar III that
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uf 5K. lJy extracting the mh 192 mass fmrn lhe TIC II Fourth peak, 74. W:L~ observed at 34.87
unuurcs. Though it's IIlass SPCCllUIlI w...s hcavrlyconmmlnated whh rhut of lcvuglucosan, it is similar
10 thntIll' SH. '111 is peak WllS originally overlooked due to us small sizeand us posmon cr lhe end
c r thc dowlislujlClll'thevcry tnrgc lcvoglucosan pcak.
The funll:t liun or tncsc propused pymlyzales is difficult 10 ex plain due to me lcngth of the
4-cmtJI lll alky l chain. lignin is mostly composed of phenyl propnnoid groups and it is utmcun 10
see l"lWthese 11rtlllused pyrolyzmcscould be ronucd fmrn mom. especially tising conventional lignin
pymlylk mcctnulsnrs. However, as these structu res arc only tcnuntvc suggest ions atmts stage, any
pmpusol!s:1." IIItbcir formation would he purely speculative. On Ille other hand, mclr mass spectra
show little cvntcncc for altcnnulvc struClllrcs. For example, there is no ev idence to suggcsllhe
IlfCSCIIlocul' a hicycfic struct ure ill ally o flhc mass spectra , nor is h ltkcly lllat there is a fourth sldc -
ch:IiIl:IU:lchcd lul lic phenyl ring.
"1l1CTIClll'thc Fc1' .exch:Ulgcd pulp (Fig. 5.7) is qultc simila r in most respects 10 that of the
acid-washed quuc c mech;mic;ll pulp discussed in section 4.3. 1. Lcvoglucos an, 73, is the
dtllllillaill peak and urc oucr unhydmsugnrs, including those or gnlaclosc, 60 and 70, are quite
pnuuiucnt. IA-Anhydm:lr.lbillllpyrantJsc was llul observed and ils absence in the pulp was continued
by add h}·d nllr.~ is - llcri\':llil.alilllll ce. Finally, lcvogtucoscnonc, althoug h present In Ihis pyrogra m.
Thc liI31iIl 11ynllYI.:l1CSllre lhes:1l11elst hoscobscrvcd ill Ihe pyrogram of the unrreec c pulp,
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However. in mest cases IIlCir ahu nolances have teen kJIlicre tl 4ui\C f,."tJll'lidcrahly. 111C :ulnc
phenomcmn Wil.~ obscl'\lcd during ue study dillCU. ... -cd in liC\.1iuu 5.2 (Uf lIn..c flUlfl'l CJ,ch;ulli~"(I wilh
other transition metal ions. In ClInlr.l"'. lhe samples ellchan~d willi pllla.."siulll :uk! cactcm kill"
yielded greater qU:UJli lies (If lignin pmlyl.:ncs. 111ili[Iaf1icular ltUllile pull'!(N~.r,l;lk!a 2J m XI) .....0lS.
m311u(actured using a sodium bisulfitc soluuo n:Ilk!lh,:re(tlfCthe c~lunt~' rc:llk " l in lhe uIIIl'('al\"(II'ulll
is almost eXclusively sodiulIl. TIle pyltlgram uf the unll'(':llOO pulp \\\Iulll he exl....'t.1~'t1 III h: vel)'
similar to Ulat of tile pctasslum-cxchangcd pulp. and in (:11.1 it is.
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liJnl! lmin. )
TIml:(min.1
Figure 5.7: 'rout ton Chrom:l!')gr.un n'lC) rcrFc!+-Exch;ulgcd. Neranda Spruce Sulfite Pulp
O btained by p)'.GC -MSIEI).
CHAPTER 6: QUANTITA TIVE A"'A U 'SIS ( JIo'S,\CC IIAUIJH-:S IN W(l OU l' lJU'S
nv rv-cc
6.1. Intrcd uctkm
Tradi lional methods Cor lhe qU;lI11ilalivc una1r.ds IIr neulm l s;L'Ch:ui d..os in cllmplu
bio lUalerials such ,u wood pulps are dirlieu ll. l ime-I.'OI\~ul1lin~ and e~ llI:lt~ivc. 'ruc re is a d ear Ill'l"!.l
Cor a raster :uul cheape r ancmeuvc. TIle res ults Iliscu sscll st ) r:lr have indicaled Ih:11l'y-G C 1.1lUld
pcte min lly be uscoas a qcenruauvc mClhOlJ. II is rasr. rel"lIl<ludh1c ;mu relatively sim ple. O nly UIIC
anc mpr has bccnumde tuqumulry the saeeha ritlc cum pusi linll nr WCKlil pu lps hy ry-GC-MS(E1) (% 1.
However , whil e u wasstaled thai ~uuu corrctanonwas found between the m.ulvc peak tmcnsutcs
orIhe :U1hydrosugan;and lhe resu lts UIXtlilied by ad d hyc\rulys;s. in lllany illsl:lllt:cs lhe ;\nllyllnlslll::lf
pe: lks were b.1rcly above h:ld.\: Rlulld :uul we re only p al1i:llly rc.so lvct! rmm udg hbll urillg pC:lks (WI).
MOl'Co ver, no d irel.1 OllllparL'illll cook! he ma ue betwee n the :Ulhyd nLsuga r )iclds tlr dirrcre nl pulp
spec ies. Thi s W:lS tne p:anly 10 Ihclr diO"ering chclllical l11lllfllliilklftS :uld ru-nly III Ihe v:triul illn ill
lhc irinOrg:mic ionOll1lcnt.
A se ries o r ~lutlies were pcrfll nucd in tinIe r III ;r;.'iC~s Ihe plllClIli:t1o r 1'y -( jC rur USC:l.,~
quan til3livc too l ror wootl fl'Ulp S3l.'tha.ridc a.na.1r--is. in e;ll.11 case lhe llplim UIIl prclre ;lllllClll
procedures w cre used . S:unple.~ we re tka.shed a.~ desc rihed in secti on 2.4 .2 and lite acid it y IIr lhe
suspe nsions were adjustcd 10 1"" I as dcsc nbcd in sCClinn 2.4 .3. 11lis was ChN1C in nnlc r lei ensu re
the ma ximum fKlli~ihl e yields ur anh yclmsugars and s othat all samples c lIu ld he dire clly compared
with one ano ther . Flame Itluis iltiun nnd mass spcclrnm~lry are cllually scns tnvc ror Ihe detectionIII
a.nhyd rosug ars . However, a Ilmne illnisulitln detector is Il1U llY limes less e xpcll~ive lllall U m~ss
spcc uo meer, and would uererore he more w idely used . f llr Ih is rca.sun iI WIL~ deci ded 11I1L'iC ;UII'IU
. %-
dclC(.1nr in Ihe fo ll ll ....ing i nve'ilil::l.lion!i.
T wu diHcrenl memeds were ustl! lo q U;JIIlily tJJCs:uxha ridc coe rcn t or the: p ulps. In lhe
inilial s tud y. the gl uto.'il:an d xylose COfllenls o r a numbe r of pulps were dc lermincd b y cornparitlg
their 31'1hydrnsugar yields willi those of lsol:ucd pol)'S:lcch.:Uidc.:s (extemal S1andard me thod). In the
NCalml and uirnr invt.'dic:ations. one c r ne pulps wu used as a co mp.ualivc standard . 11k:Py-OC
rcsulls were then cl. lIparctl wilh the saccharide analysis obraincd by no nn al acid hydrolys is I
dcrivalizi lliml • GC a~ desc ribed In sec tions 2.2 :ImI2 .3.
In all cases lhe l' yrullClllle- , mo dilicd as d iscussed In sectio n 2.5.2. wa s used. However, by
way II f C tllll",l ri SClll . Ihc sccoed study was repeated using tht Pymjc ClOr"'.
6J . QU<lnlilk lili ull u! t ;lucu'leand Xylu.'Ie in a Number 01 Wood l'u lps by an External
Slandanl M ethod
(•.1.1. OplillUU liclII ul lhe I'yrulyMs Conditilln s
In the r rc vitlus \:ha fllcn lll ul,:h elllr>h~sis was placed on lhe im pm1ancc or s:uu ple
prelte;tIIllC11. IInwever. il is alSfl 11Ilponant 10 full y conlR,l lhe pyrolysisprocess itsclf, In order 10
Cll"llrc Ihe maxim um l"ls.~ i hle reprod ucibilily between runs. It 11M been refXIned lh~l wood
polys:lcchmidc"~ beg in IIIpyn llYl e al di fferenllcm pcT:ll urc s (92). ntis sene phenomc n on was
IIhs~'rvcd during nrc invesllg.llhlllof Ih c isolmed polys:lccharlllcs d iscussed in chapter 3.
Acid·w;L~l lctl lll ad; sJlllM.'t mcchanical pul p wasused iIS the:;1:lI1dartllo nptlmize tbc pyrolysi s
cOl1dilions . ' 111l pul p w;),~ pynllyLN :II various lcmpcralurcs using Ihe p)"ropm1Jc'in o rder 10 find
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Figure 6.1: The Effectof Pyrolysis Temperature on the AnhytlrosugarYields for Otucese
(0) and Xylose (v) rrom Acld·Was hed Blac k Spruce Mechanical Pulp.
lhe optimum pyrol ysis temperature. Figure 6.1 plots lhe peak area per mic rogram for
anhydroxylose (AX) anJ the anbydrcglucoses (AG ) obuined IIIeac h tempera ture setting
used. Th e optimum temperature for maximum anhydroglucose production is approx ima tely
5(J(fC and that for l.a-anhydroxylopyrancse lies c loser to 450"C, It was decided to WiC
500~C as the pyrolysis temperature for future quantitative analysis because anhydroglucose
production drops off qu ickl y at lo wer tem pe ratures and 1.4 -a nhydroxylopymnose yie ld ls
only slightly less tban at themaximum.
NonnalIy, e::lch set of runs was performed usmg the sam e pyrol ysis tube in orde r to
guarantee the maximum poss ible reprodu cibili ty. As Table 6 .1 illustrat es (sam ples 1,2 an d
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T~ble 6 . 1: Opti m ization of Pyrolys is Para mete rs.
Sample Tube W~II Sample Temp. ?Olnl. % Inl. % Inl.
No. 0 .0. Thickness Site Ramp G lucose' Xytusc' Mannose'
(IIlm) (mill) (73+85) (41.) (65 )
I 2.5 0 0.46 Centre None 100 100 100
2 2.39 0.54 ""'I", None 84.6 86.1 84 .4
3 2.4l:1 0.56 Centre None 85.2 85.2 89.5
4 2.5 0 0.46 Centre SnC/ms 9 1.9 12.2 88.2
, 2.50 0.46 Centre . loC/ms 50.4 71.8 82.7
"
2.50 0.46 End None 85.9 IOS.l 106.8
I; Peak are a per Ilg Il l' samp le relative In sampl e I. Averageof trtpllcatca nalysis.
3). rhe crrca of using t1uunz lubes with differing diumc le!1an d wall thi ckness o n pyrolys is Is
pmnnunced. The rhlckcr walled lubes clearly have a detrimenla l errccr o n lIlCpro duction of all
l1l1hYllnl.<;ugarpmrJucl.~. Th is lllaywell be due 10 thehig hcr hcal c apacity of ue thtckc r walls. 111e
more he:!1 the Willis ntsorb, the kmger Ihe Icmpcralurc ri se lime within the sample. a nd the gre ater
lhe pllssihilt)' til' a lternate py,uly~is patnways beentaken. nls also probable that the ou ter diamete r
llf lhe quam. lulle is implln ant, TIle tube used in cmptc i was the wldcst that would fil within lhe
phltinulU coil and il ls pmhable. ln thls case. th m heat transfe r duri ng pyrolys is ts less hampered by
gas now between th e con an d thetube 's outer s u rface, U nfortunatel y, il was found mat no two tubes
tukcn no m Ihe suntc l!;,lch had tlte SUllIC wall thickness anti outer diameter, TIlis is doc to [he
lllClhud uf mWluJ'acrllre. Lar ger quartz rubes nrc "drawn" lll lhe rcq ulrad d fumcrcr by weighling one
end :md he"ling th e nne unnt sofi. A large v arta on In wallth ickncss and outer d tameer would
uercrorc he expected along uic Icng th of the drawn lube, For th Is reason tile same lu be was used
roreach set \J( sum plcs in ui c filII owing sunncs.
...-
T3bIc 6.1 also Includesue results or ramping the pynllysis IClIlpcralUn::(S:UUpk:li ., and ~).
In bolh C:L~5 aJl3nh ydmsui,l:!l" yk ltls arc Iowcr lhan (t1fSOlll1plc I (Dmp l1ro which Ius a IClllPCr.llU!'C
riseof apPltu:im:llc1y 5O"CIms Ill'soo"c (mu. imum r.ullp sp.xt.luf t/usinstrument). I rtlCl'C'!i l j ll~ly. lIJ('
;umytlrogIIJCOSCS clI.llihil the grcillcst scn.'iilivily 10 IcmllCr.lhl~ I:llllp ra e. It is b:l icvcll lIul tlJ('
slower i nc~ in sample temperatuI'C would p:n nil Ihe III:CUrcOl.'C til lhe MlW1e·lllpct;lhUc dwrill~
reactions dlscusscd by Shafizi1l1ch (71). 1bc oollkcllu klSCJiarc lao! aITC\.1l"ll bec ause Ihey hcilill itl
pyrolylC at lowe r Icmpcr.alul'Cs. In lhe fullow ins qU :ll ll jt:~ iyc stud ies. s;ullplcs were flymIY/~t1 ln Ill('
" rollll p ll r l"' lllll'lJC.
Samp le 6 in Tallie (1. 1 illustrates ue cnccr Ilf 'lIl~Jylc ptls lliuning within the pyml ysi s mrc .
By moving lhe pulp !l:1l11plC away (mill the coarc u r the tu hc (which is a t' l l Ihe cent re IICthe
p131inum coil) lite :mhytlmsug:u,; for xylose ;ulll m;llll\OSCIllcrea..c III illlCll\ ily Ity appRlxlmaldy
similar nlagnilul.!c:::.lilIggcSllng tha i the k)wcr flyrlllysis iempc rate res experienced ill Ihe cnd IlfIIIl'
lube are more :<;u ilable for the flymlysis of Ihc hcmkc lluhlSCS. nowever. Ihe yield ror 1I1l'
anhytlmgluCUliCS is klwcrcd. In atll.!ilion. Ihe ~lCmdenlllf y:ari:!lillO(C.V.) in peal:.area illcrr~
10 3pp roxim alc!y IS % fut the .1Ilhyl.!mglucnsc.s . whcrc a.. lhe C. V. ror a ll :Il1hydmsugm ill s.,mpks
I 10 3 and fur 1.4-ilohyl.!mxylopyr.u. 1SC anl.! 1.6-:mhydrulllan' . lflyr;mllsc ill s:ullplc h is lypk;Jlly
around 2"' . TIlis flhcnomClllln most pmhahly OI.1.'tIrs fur Ihc S:IIIlCrea'llNl'l disc."U.'iSCtl in Ihe preVK"IS
fl'Iragr.tph. Because of Ihis large increase in v:lri:llinll. care W:l.\ taken III /lllsi!ill1Ihe aualytc in the
centre or Ihe lube.
Finally. the linear dynamic range W:L\ measured III( J.4-ullllydmxyluflyrallllse ami Inrthc
3nhydmgluco.'lCs !l1111l acid-washed bl:ll.:k spruce mechanical pulp (fi g. 6.201.11). GINKI linearity W:i.\
oblaincd (or Itolll (mm )610 123 IJg of pulp sample. Anhytlm.\ugar yields began IIIdmp ulT31
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Figure tiJ : LinearDynamic R,,"ecCurves fo r Anhydrosugar Production forAcid-Washed
Black Spruce Mechanical Pulp. (a) Anhydrogluroses and (b) 1.4·
Anhydro~ylopyrnnose.
. IDI·
:uoond 182.., . A l lhelal"geJ4gmplc wcigtdp)'nllY/ctl (301pg) IJlI:f'YnJl)'siil ut-: wa~ \\'ell ll;ldrd
wilh s:1mplewhich (lJUld have (\1IliallyIt!ltric loo tht' nnw II('earn e r p!i Ihmu~ Ilk: lut-:. II WtlUld
have also en::II~d l ;l~ l~mpcr.llurc gr:lllicnts w ilhi ll lhc hulk lI r Ih e D ur lc durin~ rynllysi.~. l1 lii
DlJY be the asc wi th Ihc 1M2 PBsa mple mo. VerySlll;tll grUP!c$ « ]( J Jlg) , lc re also a (If\lhlcm
tecsusc il prwcd d ifrlOlllo plup:rly inlRllluce sut.i . sa lll pl~ inl() Ihe pynl lysis lilt..: ark!Ih:n wei~l
thenl aC(;UlJlcly usin g lhe: m icrolxllancc. fIlr these rca.'iuns il w:to; dcddcdru Iieq'llhe s,'unplc wei ghl
between 100 and ISO pg ro r rUIUn: qu antitative an:tly.~ls.
6,2.2. Qu anlilic alintlHf G hlll lWand Xylusc
In lhe Inilial trJ.l11 til:lIlvt Invesl ig~litlt l il wa.Hlcci del/l u use Mkd m k RII:rys l;tlllnec cllull N'
(MC)and . yl:lll Irmn tint spells '1.\ eXlemal sl:ulilirdli(u r ue fllllu wing rc"SUI1'l. Unlli are rc/:u ivcly
simple anti pure pul~ccha rities whtl.'iCs1ru1,.1ulC ;uk! gu: h;lrit lc ~'"11 1'ltl'Si1 it.1 h aY( teen -.:11
dl3nctc rised. In adtlltKIf1 . lheirs im ilm y In the QlrTCSJltltlllint: pn/)'QXll;lridt:5(UUlk!Mltlie (lui(\"
uroer im 'csligaliO/l makes lhem effective ~lImt ilulcs. Murctlvtl', Ihere was 1111 rure 1.4-
anhytlroxylqlyr.lllOliC ;vailahl e rtlr use ~ a J>1a nd.ml. Fi nally, hC'c:.u.'iCIXI :'iul'ftlll is il1Vl~wed ill lhe
mdhod. ceeecunvc nms are Yl:ry rc rnlllocih ie .
Sl3rllbnl c urveswere I'ICp:t rcd furlhe :L1 ~ ly~n lgluLllSt."l fm m a"'dess Iwi~d M e lUlll fur 1,4·
anhydroxylupymnosc fnnn the deillnised xylllll (Fit:. 6 .:\a,h). In hnlh C:ISCSthe X':lds scare is
calibrate d 10disp lay the weil:hl ti l" Ihe sa~"t;harill~ in 4oe~l im l as mcwmrcd lIy ad d hydrolysis'
derivalizalion/GC antl lwllihe lOtal well:htuf the ~"L1 l' l e ( l.e., lJII'J', glll~lr;e ill Me alIt! 71).11'"" .yll JOiC
in xyl:m ). ThI:truc e rllrUlCanhytl l'llg lu~l1SC!l was linear o ver the runge le.s.!ed whcrca...lhc lroiCC fur
1,4·anhydrpxylopyr :JllO!iC bcg:JII IOplalcauafte r 13l ..g. TlUJ was plS.lihly due10the fal:llh:u lhe
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Figure 6.3: Slalldard Plots of Anhydrosugar Yield versus Sample Weight for (a) !he
Anllyllroglucoscs(73 ...85) from Avice! MIcrocrystaline:CeUulose and (b) 1,4-
Anhydm:tylopyranose (42) from Deienlsed XyJan fromOat soens .
· 10.1·
lIyl:lll l cnd.~ III mch ,",uring pyn.lI)"Si ll
Fo rq uaruilat ivc COlllp;l ri~1fI, pulp samples I IlX).15() pgl ,,"C~ PYfIllYl OO in lriplil.::lle ulllk'r
idcrui=": condilirn~_ ~irCIUl'!JSC and lyk~ l·onlClll.~ were C3L.:ulaIN u.dngthe cqu;dilln nf 11,,' lilll.!
of bes iii for the line ar p.lI'litln of cx h stalllJani cvrvc ali i are li...cll in Tahlc 6.2, ll'i-'C'lhcr WilliII...
rcliulilioblairal by me ", ill hyllrtllylii' • lIcrivalizilliulI! GC (A.lI.l lll"lw..1.oQu I'C dcscri~lI in ~~1illlL~
2.2 and 2.3.
II can he seen ueumcrc is reasn n:\hly !!\lod currct.utou lx-lween the A.l i. '\1I\II'y·(; (' I\' MlllS
in mosl cases. Asp en ~1cmll-ek llloliioll pulp which clInlilillCll sullite in ils pulping Ilwl:ess h lh('
ex ecptinn. TIle IlIUCtlS(:and xylme l'tllltcnl a~ lIIcasun..t.:hy 1'y ·CiC arc .signilic:lllily klWt'r ll!:ll 111l'
resu lts obtained by aci d hydnl ly!lis. An e..p1an' llilll\ fur lhis ulNCn'ariHn IlOls already l-cclI lll fcn'tl ill
section S.D. Bolli b irch 11iCclUltK.':I1 and Ak cll- pulps e ..himl hi~lCr than e"I..-Cll'll ..ykl.....
co lll(DSition., when m casured by Py-GC. TIICrcN IIl fur thls w;a., nul uhviuu.s at fm.1. lIuWC\'C r.
suhscqUCI11 Py-GC-MS anal)'liis i1kiicalcd lIl.1I IA-allhytlRllI,yklflyr:nwlSCen-elu tes wilh 4-0,u"":I)'1
5yrin~1l. a lignin llyn ll)'1.ale nuc funnel l by ~1 (h"·o.L.. such as iliad.. SfJlUl"C. II w;\.s (t1unt! lhallhc
lWOpcilks l' luld be resul~ by using a n..nnal bore (}1J.J7II1 capillary l'tllumll. 111is l' llulUllwa.\
used in thc t hlnl, and IIM1R: cxtcuslve, inv~isa litMl n:plI(1cd iii Ihis d laplcr.
Finall y, au hllfll lJ!,Wll cuncluslou can he drawn Inuu Ihis sludy. 111C l,lI tstilueUls Ill' WiNNI
pulp arc intimalcly ussoclatc u willi one amuher fllnllil1lla complex iUlalYle. However, given Ihe
proper sample prctrcannen, (he yields Ill' lhc anhydm.~ullars ill ve~ligal cd hcre He itlculiCid In t l N I~
obtained from matdx-Irce, iso lalcd ptllysacd lOlridcs. TIllS slnl ngly liuIlllC!olS Ilkll Ihe pulY lllc~ an:
py m ly,j ng indcpendenl ly of onc :IJlulllCr. TIds is quilCrcllliJrkil blc l' llls idering the cOlllple..hy urlhe
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Tahle ', .2: l'crcelll:lge Glucoseand XyloseComposluon of Acid- Washed Pulpsas Determined
hy Acid lIydml ysis (A. H.) and Pyrolysis - Gas Chromalography (Py).
Sample '-' G Il'. % GIc. C.V.l % Xyl. % Xyl C.V.l % Ash
(A. H .) (Py)! (A.U.) (Py)J
Mlcmc rysl. 911.0 9K.O IA .-
---
.- 0.0
Cellulose
Xylan Fnnn Oat 14.11
--
... 79.8 79.8 I., 0."
SJlCl ts
llI:lCkSpruce . 50.5 51.4 2.2 11.3 12.0 1.8 O.OS
Mcch.mll'al
1lI.1l'k Sr nK'C. 119.2 K9.K 1.5 4.3 6.0 3.2 0.33
Krall
jjlrch , 46.3 45.6 3.1 IS.8 21.7 1.7 0.04
Medmnical
Birch - K4. 1 115.2 1.1 12.3 17.8 0.' 0. 16
IIkell
Aspen - Sic.nn 57.11 29.3 '.7 9.61 2. 1 4.4 0.15
E~plnsioll
Calcul'l",'d as lhe rcak areas nf the aUh)'lffogl ul'O.scs pe r pg of sample rc tenv e 10lh al for
Avfccl util'mc rysl illiinc cellulose .
CncHidcnl of v;lri:lliuno f tnpheme Py.(JC llJ1:ltySc.s.
.1: Ca1cul:llcll as me pc.1k area ol 1,4.A nhytlroxylnpynUlose per pg of sample relative to UUll for
ltdmlisl'd xyhm rnllllllll Sl'lCl1S.
samples:lI1l ll hc highly energetic condmens Ihey experience when py mlyzcd.
'd . (Jua n lillllh'c AIIllIJsis ur the Ma jur SIICch llri dl.'.~ in Fe1·J.:xchan ged, Su llile.Tl' ealcd Pu lp s
Ilsint.: a Sl:m d :lrd ill.'d Sulfite Pul p
Th e pmhl em s encoumcrcr when add·\V;\shcdsulri le pUlps we re pyroly:r..ed have alreadybeen
diSl.1ISSCI\ tsccliul\ :\,(11. l11C inil ial qll~llllil in i\'e Sillily clear ly in\llcatei.l llml an ahematlve method of
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sample prcpanulon and qc amtncnr on of sulfltc-trcmcd pulps was required. lly illClI111llr:lling I:d'
ions tr ue Lhe pulp tileanhydm suguryields were increased,U1lllc\'ogluClISCl1I\I1C WllS grentlyrc\IUfl.'d
(section 5.1). Moreover, Py.(iC-MS (EI) au atysts revealed 111:11 ,l111he I\\,ljur \l~'l\lly/.;\les were Ihe
same as those produced by the mechanical pulps. 'rncrcrorc il W,ISdccitled In ancmpt II qunmify
the saccharideconrcurof Fc2·-exehlmged pulps. In luhlitinlllU the steam-exploded pulp. :1series or
high yield sctr uc pulps were ob1ained from Noraudn. Only glucose , ~yl l~"l :llld neumosc were
quanllfied. In almost every case. aeh.!hydrulysls rcvcutcd thatgnlucn.sc ami arabluoscwere >I1lS\~ld
fmm the pulJl.~ under lnvcstigulnn.
lulrlalfy , saccharide quantHicllli\XlWOl.~ auemrncli by using iSlll:lled I'IlllySilCCh"ridcs uscxlem"l
standards In the same mann er as described in IJIC prevruus sccuou. uowcver, l h i.~ W lL~ flluml io he
unsuitable :L~ the cnlculntcd percentages for lhe saccharides were stillluw when compared wuh the
acidhytlmlysis rcsutrs. Further wurk wlth llOIl·sullile pulps t1cll1\lll.~lmled lhm lllll1ydmsugllr yields
\lICJ'C lowered by exchanging 1he pulp wilha metalof uuy kind.
An ancmauve approach is III lise II well characterised, Fe:· ·C!tchlmgcd sutmc pul" :IS a
standard. The saccharidecompesmon ural! pulp samples under in vesHglltitll1was delclll1illed using
a classical acid hydrulysis • uertvuttzauon l11e llKld, aud tucrcturc rcllahle tlala were nvailabtc fur
comparison. Purthcnnorc, because a pclp(If similar chemical CUlllllllSilioli autlmntrlxW'lS usc! <IS
smndard.uny pmhlcms nr characteristics unique IIIlhe rym lysis (If these pu lps wuuld he rKlnJllltiscd.
6.3.). Qu~nlificali (ln using Ihe Pyruprulle~
111C Py-GC results l:lbula1ctJ in Table (1.3were ohtalnc d by using 11K:li~t NUr.Lml:1sullilc
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pulp (N .S.I' . 2J1O'Jllj as the comparative stan dard. Th e dala obtained in this mann er correlated
rensnn ubly well with thoseobtaine d by acid hydrolys is. All sam ples we re analyzed in triplicate and
il can he seen uuuruc rcpr oduclmtty is qui te guod in IUllst cases . The Py-GC value ror trc glucose
comcru lilr aspe n slemll-ellpll1sinn pulp is slig htly higher than expect ed with respect to the acid
hydnlly.~is results. This could nOI he allribu table 10 erro r in pyrolysis as Ihe variation betwee n the
triplicate runs is lnw (C.V , is 2.3%). 111C error llIay actually be in the ac id hydrulysls results. o r
inte rest here nlso is tllC fact lhal in OIIC case. aspen srcem-cxptoston pulp. mannosc was not detected
hy acid hydnl lysi.s while ry-GC measured il 111 1.3%.
T1Ihlc fl.) :llsui ncludesthe resu llsnf lhe inorganicanalyscscarTied our on the pulps. It can
he see n lh;ll Il:e elemental sulfur content, as uctcrnuncd by XRF (sectio n 2.8.3), vartcs between lhe
pulps. The irtlll coulenl •• ~~ delenllined by atomic absorhlion spectroscopy (secuo n 2.8.2), follows
this lrend :llsu, s ll~~eslin~ a direel relationship between the suuontc acid ccrucnr and lhe qcan thy of
lrnu e ll c h:u lt-:~'tl hun the pulp. xtorc lmporuuuly, the resultsobtai ned by Py-GC do nOI seem 10 be
;lft"cl:lel! hy the vllri:lllull ill nrc sulf ur ;1I\1I Inm comcnts .
By W:IYof comparison. a non -suture pulp (Norendu kr:ln pul[l) was prepared and pymlyzcd
muc .~'lI 11e manner us me suifile pulps. The Py-GC results [Tuh lc 6.3) fur glucose and manno sc do
lIlIt cortetac wctt withthuseuhlilinedhy:lcitl hytlrulysis . tn conunsi. urc rcsuns obntncd for xylose
h)' holh mctlux!sarc cmnpnmhlc. This may be due tothe f;lcl thur wood xyl1111s contain exchange
siles (i.c .• unmic iltids). Oibcrnun-sulfhc pulps, bolh high endrow yield. be ha ve In this manner also.
II is pmlmblc lh:u IILe differences in matrix composttton (i.e.lhe lack of sulfonic aci d groups in uc
1ij!llin) can nccuunr fur this difference.
TABLE 6.3 : Pcranlaie Sa«harldc Composllktn otF~·.~angtd Pulps as Determined by Ad d.JlydrulyslsjDer lvaUz.. ,lon-
CC (A.H.) and Pyrolysis -Cas Cbromalopl1phy (Py).
Pulp Sample Glucose Xylose Mannose % % %S Am Fe
A.H. Py' C.V.' A.H. Py' C.V? A.H. Py' C.V?
(%) (%) (%) (%) (%) (%) (%) (%) (% )
N .S. P. 59.0 59.0 0.' J> 3~ 1.9 raa •2 2 0.7 ... 1.0 0.7
(' 231090)
N. S. P. 55.9 523 7.' 3.7 ' .6 6.9 10.9 9.' 2.7 1.2 0.9 0.6
(# 25907)
N. S. P. 53.7 51.9 0.1 3J 2.' 12.3 12.4 9.2 2.8 16
I., 1.4
( if 25910)
N. S. P. 58.1 5S.7 1.8 26 1.8 ' .6 6.1 6.2 0.7 ' .1 1.6 I~
(# 25912)
N. S. P. 53.0 50.2 ,.. 3.6 ,. .~ 93 9.6 ' .0 1.9 1.1 0.9
(# 25936)
Aspen ' Steam 56.9 61.6 23 8.1 1.1 13 0.0 13 33 I.' 1.1 0.'
Exploded Pulp
Noranda 85.4 96.0 2.' 14.8 13.2 ' .7 1.4 0.6 15.6 0.' 0.'
02
Kraft Pulp
': % Glucose, xylose and mannase as determined byPy.o c. are caku1atedusing the aru s o( puu n + 8S (anhydrogtucoses}, 42
(anhydroxylase) and 65 (anhydromannose); relative to sample N.5.P. # 231090.
': Coefficient of variation of triplicate Py.oC analyses.
s
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6.3.2. ~ualilificatiun using the ('yrujector-
fur comnarutlve plllJX1SCS, the same cxpcrtmcmW:L~ repeated using the PyrojceIO~. 111e
coudhlun s used in the pre vious Invcsrlgatlon were repea led 3S closely as possible here. Th e pulp
samIlles wereinlrlllJllced into the micmlurnaccusing the wide-bore syringe asdesc ribed in scellon
2.5.2. The rcs uus ublaincd arc given in Table 6.4.
The corrclarlnn between Ihe acidhydmly:;is and Py·OC results for the nircc saccharides is
pour in many cases. IlIllddilhNl, me lnrg ur coefficients or varialion ror the triplicate analyses indicate
ttnupynllysis whh this pymly zcr is nul as rcpnutucib lc aswith the PyroprubcfJ • Gre at care was uscn
to ensure jluu s:1I11[1lc illlrot!uclillll wns repea ted exactly Ihe same wayeach time. Punh crmorc. jcsts
wlth tlJiernel)'.~l al l ille cellulose PIll VC 111'11il ls rxlsslble ro cnrryout 3 reproducible pyrolysis with Ihis
Instrument (Fig. (1.4).
Whell as<ll1lplc isimnKluccdl ntulhe miclllfumaccH falls tl1l1lugh ll1chc31edzoneand cornes
ILl rest tlll lhc quanz woo l plug (Fig. 2.2). Du ring us descent il is exposed [0 a rcupcmu re gmdicnt
:ISthe currier gus is I!radually heated by lhe furnace ovcu. Wood pulps cor aatnncmrccnutosc and
tiI;nin Ihal may lIcI;in 10 pyrolyzc during the descent. If this is the case. Ihcn lt is probably
impossihle In gll;rmnlce repmduclhlc pyrolysis conditions. On the olher hand, mlcmcryslallinc
rellulusc (Me) hCI::ins to Jlyrnlyzc al a higher temperature than most omcr polysaccharides and
prnh:lhly rc.~i ~ls dcgr.lliatioll during descent. Ful1hemlOre, the pulp samples arc light and bulky by
cUl11pari.~lln with Meand their p:lss:lge down the n arrowquartz tube may be slowed by coniact with
me watts.espcd'l lly if the sample becomes tacky Innn the melting of [he hemicellulose
pnl)'lIIcr.\. This wllu!darrcc t lhe tCll1pcmlurc at which pyrolysis occurs and the icrupcrature rise time
Pyrojcctor".
"'Ip GI"""" Xyillsc ManllltSC
A.H. ",' C.V.' A.U.
""
C.V! A.H. ",' C.V.1
~ ~ ~ ~ ~ ~
N.S.P. 59.0 59.0 9." 3.5 3.5 2K.4 12.2 12.2 .l Ul
(23/10/90)
N.S.P. 53.0 51.4 1.7 3.• 5.5 '. 4 9.3 9.4 fd
(25936)
N.S.P. 5K,1 3K.9 3fJ.2 2.• K.2 36.5 (1.1 ' .2 1(I.K
(25912)
N.S.P. 53.7 52.9 4.4 3.3 3.0 27.0 12.4 9.6 9 .(1
(2591ll)
N.S.P. 55.9 42.K 13.6 3.7 3.2 11.5 10.9 ' .7 4.1'(25907)
Aspen-Steam 56.9 65.1 5.3 ' .1 3.:'i 1n.4 ND I.h K.2
Exploded
Noranda Kraft 85.4 77.1 11.1 14.ft In.3 13.9 1.4 n.5 211.1
Pulp
I: % glucose. xylose lind mcnnose as determined by Py·GC. are cal culated using the illt;ls
of peaks 73 + 8S (anhydroglucosts), 41 (anhytlrmly!m;c)and (15 (allhydrmn:mnosc);
relative to sample N.S.P. # 231090.
l : coefficient of variation of triplicate Py-GC unatyscs.
within the sample ilself.
Unforummcly, it appears thut the mlcrofurnaee-typc pyrulyaer is unable III mcctihe
demands put on it by this kind of analysis. The PyrojcclHr" was designed as a simple llnd
easy to use pyrolyzer and qualitatively it matches the Pyropmbc". jlewevcr, the Jailer
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S. mple "".i&h! lliRl
Figure 6.4: Sample Weight versus Anhydroglucose Peak Area (73 + 85) for Avice l
Mlercerystalline Cellulose using the Pyrojeclor~.
instrument is more suitable for quantitative analyses because of the greater degree of control
it offers over the pyrolysis process.
6.4. Q ua ntitative Anal ysis of All Neut ral Sacc harides in Ihe Acld-washen, Non.Sulfite
Pulp s using a Stand a rdized Pulp .
In the first quantitative study. the glucose and xylose contents of a number of ecld-
washed pulps were determined using isolated polysaccharides as external standards. Though
the results were encouraging. the procedure was very slow. Each pyrolysis run took
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approximately 40 minutes and the preparation of the stalkl:ml curves alone was a full day' s
work. However, in the investigation of the Fe:· -cxchalll1-ctl sulfitl' pulps it W:l.Sdcmlll1stf'JIl'11
that one of the pulps could be successfully used :I.~ a comparative standard. In 3d&litilll\ II
theadvantages discussedatthat time, this approach acceleratedthe speedor analysis bec ause
it elimina ted the need for standard calibration curves. Moreover, all the major saccharides
present in the pulps werequantified simultaneously.
It was decided to use thisapproach in lhi.~ study also. Black sprucemechuuicul pulp
was chosen us thecompurutivestandard because heonurincdfCilSUlllhle quantities of ull the
saccharides to be usscyed. Samples were prepared and pymlyzed in the S'lI1 \C manner ns
described in section 6.1.1. However, in this instance a nonual hllreDB-l7l11colunul was
used in order to resolve l,4-:1nhydroxylopyranoSl:alkl 4·().niClhyl syrin};ul in the hin.:h
mechanicul pulp pyrogram. The resuhs are Iahulated in Table 6.5. Galactose was
determined solelyas 1,6-anhydrogalactopyrnnosc because meother anhytlrogalactoscll wen:
often undetectable.
By and large the py-a C resuus l."Omparc well with those obtained by acid hydr olysis.
TIle one exception is the result for xylose in birch lllcchlll1ical pulp. It is significantly Inwcr
than than the acid hydrolysis result. which is considered to be a reasonable value fnr a
hardwood mechanical pulp such as this. Further more, the discrepancy uunnothe allrihulcd
to irreproducible pyrolysis runs as the C.V. is only I.ll%. The prohlem may lie with the
polysaccharide itself. Hardwood xylans can be acctylated ilt the C2 or C3 positions on the
Tab le '-5: Th e Percentage Co mpos il ion (0 1 a ll theSaccha.rides in the Acid -Wouhed Pulps using Acid-Washc::dBlack Sp ruce
Mechanical Pulp As s landa ld.
Pilip G lucose Xylose Ma nnost Ga lac tose Aruhinusc
An :t C.V.' An :t CV .' A ll :t C.V,' An :t c.v.' 't c.v,'~ ~ ~ ,
Bl;ockSpt1Icc 50 ' ,,~ >7 ' 13 IlJ 0.' s., .~ ,. 1.6 \. ,. , 0 '0 IJ
- Mechanical
Black Spruce 89.2 87.2 3.• • .3 • .3 \J ,8 2.3 3.3 NO NO .- NO NO
-
• Kraft
Birch - 46.3 48.4 6.1 :'5.8 11.8 1.8 ... \.8 7.2 NO 0.27 23.1 0.5 0.3 ..\
Mechan ical
Birch · AlccU 84.1 85.6 \.• \2.3 102 02 NO ' .0 ,. NO NO
-
NO <0.1 2>4
Noranda 85.4 86.1 1.9 14.8 14.6 3.7 '0 ,. \'J NO NO - NO NO
-
Kran Pulp
' : % Glucose. xylose and mannose as de termin ed by Py-Gc, are calC\late d using the areas of peaks 73 + 85 (anhydrog.lul:OseJ), 42
(anhydroxylase ). 65 (anhydromannose), 60 (anhydrogalaetose) and 3 1 (anhydrOir abinose); reteuve 10ad d-washed bl.1ckspruce
mechanical pulp.
': Coefficient of \laru don 01triplicalC! Py.QC analyses.
N.D.: Not DeICClC!d.
l'
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Table 6.6: The Pcrecr uugc Xylose in the Acitl -W'l~h~d PUlf'Sdctenniucd by the mClhnd III'
Ktccn cr ul. (96).
Pulp % Xylnsc % Xylose C.V.:
A.H. py '
Black Spruce- IU I U 0.4
Mechanical
Black Spruce- 4.3 6.1 1.5
Krafi
Birch > 15.11 14.9 2.5
Mccbnnlcal
Birch - Aleell 12.3 14.3 I.J
NnrandaKratt 15.1 14.4 3.3
Pulp
Deter minedutter sUlIIll1ing the areas of peaks II + 42; relative In ach l -w,l~h1.'cl hlack spruce
mcchanlcai pulp.
Cocrrtclcrn of vartanon of triplicale Py-GC iIImlyses.
xylopyeanoscunits whereas sen woor ltyl,lllSnrc IIUI . If the :It:elyl ~mllps p-evcm the ltyillsc unns
10whieh they arc ;111 ached Irumfunning the anhydruxugurmcnue yield uf I.4 "lI1hyclm lty lnpy r: Llm~c
would be lower than expected. This rcsn cnon is nor present whenxamptcs are <UlaI Yl.cd by ad d
hydrolys i~ . TIlis phenomenon is nor as pronounced whh Ihe AleeU"'hirch pilip <l .~ most nf rho
pendant acetyl gmups are removed during the Alcell'" pulping process{I 12}.
In their investigation, Kleen 1.'1:11. (911) detcnllincd the rclanvc intclIsily of xylose ill wlIlId
pulps nttcr sununlng the peakfracnstttcsof 1,4-unhydmxylupyr.mnsc,42, tlIu14·hydmxy-5,(Hlihydm-
(2fl)·p yr.m·2-une, S, a known xylose marker, 1111.' tmcnsutcs fur the Jaile r pymlY:f.<Ite wusalways
significantly hlghcr for hardwood pu lp.~ than fur SUf!WIKKls, Th i.~ lkllle phenomenon wus IIh.'iCtved
here also. Table 6.6 lists the % xylnse results uctcrmlncd after sUlIIlllinll the peak areas of hoth
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pymlyzales. There is :I marked improvement in the correlation of the Py-GC and acid hydrolysis
results fur the lWU twuwoodpulps. The xylosecontent of the softwood pulps are not greatly allered
[nun Table 6..5. Therefore. it would appear that tlJi.~ is a more suitable approach for xylose
dctcnnlnutlon.
Outsoosc mid arabinose :lreeither absent from lhe pulpsor arc present only insmall amounts
and sn il Is nul surprising marue reprot!ueihilily of theirpyrolysisresults is poorer lhan for the otncr
sacchcrldcs. I l l lwcver. ut su cl lluw ~U lcClll rat illll~ tl le accu r;lcy ()ftl le ac idhy t!rolysi s resu ll s ean also
he clmlicllgccI. especially cOll~idering uic sensitivity or arnbmoscto the ::.ggrcssive acldicconditions
required til hyclrulyz.c the wont! polys:ll'Charides. Furthermore,sl1l:ll1 a mountsof galaclQ.'\C and
umtanoscwere detected hy Py-GC in two of the pulps even Ihough ihcy were not observed by acid
hydmlys i.~.
CIIAPn:R 7: CONCL USIO N
1lJe ohjet.1ive ot Ihi~ invcslig:alilln was In assess the ahility tit on-uee p)'ruly!J ~ • s:all
cl1romatogr:Jphy (mass ~lmmdry). Py-GC (M S). to d Uf:k.1eri/ e ;uwJ tIl tpalllUy ue I~lr.d
sxdwidc composition ot woodpulps by Ihe analysillot lIistil1l.1 ;u!llydnlSugar pnklu~1)1. 11-: illili;d
studies conccnlr:Jled OIloptimizing 11-: pnxluClinllof alihyo.lnlS\lgalS fnltll i"'llatoo pt11ys;u....·haritk..s .
For the gjucans invCl;ligatcd. lIIicl\lCrystallillecellullIsc alltl amylllSC. iL~h n:mllvalmkllh"' lcmp:m,un::
or pyrolysis hadthe grt alest effect on the yields Ilr the anhydn.lglucusc::s. Funhcnnurc, ;Ificr pnllt."
exchange the anhydrosugar yield was almusl identical ror all glucans, sllggc.l.,lllg tll;,t tlCl,he r the
degree of polymeriziltlon nor the anomcr tcconligllr:llioll of the glycusillk l illk :lgc.~ h:1I1:my cffl'clll ll
anhydrosugur ronnatlon A numbe r (Ifhete mpolysaccharides WCAl :lls11 hlYCSlig;lIcd ~'\I I, ill each C:I.<;(',
protonc llchangc was required forop limum:ulhydmsul!;lr pnwhll.1inll. Mnrcuvcr,lhc hcsl l"'mrlt:r:lh l ll~
roc pyroly~is was significanlly lower Ihm that fur Ihe gtul'alls. However, 'he ;\IIhydnlsugar
convel!lionrnlCllnflh e hctempol)'5:lCd widcs were sutN:mlially lowcr 1I1.'UllIWlSCof the r:luc..n~. l 11b
m:lYbe due in pan 10 lhe higher lhenna! instability (lr I,UllIe of Ihe anhyo.lnlsug:m;, p:u1kularty Ihe
pcnIoscs. :uld In pan 10 mellJng ot the hcterupllIYSo1Cch;u;tk...~
Ancnt ion was then lurned 10 the WOtMl (Xlps. Ik rc again Ihe yic ld~ uf alihydnlSUI!:lN ' mill
:Illthe neutral saccharides in Ihe pulps were greatly illtreao;cdhy Illwcrinl! Ihe a"h ~1.1nl enl. 1111." wa~
best:lehieved by suspending lhe pulp in 0.1N UQ sotutiun. In addillon, a rel:lliun.'ihlp WOl.1. ohserved
between :mhydrosugar procucnon and the I'll of Ihe susj1Cmling SlIluljnn, wilh ml!llimUlUyicld.~ heing
obtalncd at apl1ruximatcly pH I, It was pustulated Utallhc presence IIf tm!,..e acid in the pulp Iln:vellts
lignin from inlerfering In the pynllys!s ur lhe wo odJX)lyslICl;h:ITldc.~ . r ur ncrmorc. [mill a tjl.l:llit<l livc
point or view. dea...'ing allows direcl compcnsnns In he made between lhe pulp pymgr:lIl1s
in"CSJlCdlVCof origin, composition and mClhod of pulpllll' .
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unwcvcr. sunuo-trcnc u pulps behaved dJrrercnlly from thc other putps. 'rn c pyrograms of
the acid -washed sulfite pulps were dominated by lcvogtuccscncne. It was proposed that acid-washing
{.mlnn:lles sutfull:le groups present in the pulp :IlItI. during pyrolysis. promotes the in situ rormauon
of acid, ThLs wuuld enhance the rcrmnuon of LGO from cellulose at the expense of the
:Inhydmlllucuses. 111is effect can he counteracted by exchanging the pulps' acidic groups with
catons.c nccuvetypreventing acidiccatctysls.Tile best anhydrosugar yields wercobtained fur-pulps
exchanlled wilh Fc2' or Fe" tons.
111c Ilymlyl.:lle prunles of a number of pulps were invesllgated by Py·GC/MS. Both EI and
Nil, CI m:IKSspecrmmctry were used In investigate t heacid-washed mechanicalpulps of black spruce
Md birch. The m:unr car bobydratc and lignin flymlYla les were successfully ldentifl ed • However,
SIIIllC tlirJicully W,L~ encountered whcn uucmpting 10 ldcntify thc sma ller pymlyzaies, pan lcufurly
fhoxc derived Inun cmhuhydrates. Nevert heless, most of the kcy pyrolyzntcs were posivitely
idclliincli.
The pyrulyzate pmfllcs of a reference setntc pulp at various stages or pretrccunent were also
invcslig:llcd hy l'y.GC/MS(EI). The type of lignin and carbohydrate pyrotyeatcs produced by Ihe
untreated ,lInl Fel'-cxch,mged pulps were ha..;ically the samc. though tile yields of many differed quilc
cPIlsidcmhly. In contrast. the lignin profile of the acid-washed pulp was quite different. M:my of
Ihe JigllillpymlY/.<Iles typical (If the erbcr pymgnuus were absent and those that were identified were
enter nldchydcs or ncroncs. In ndtlitien, a number of new, isomeric lignin pyrctyaarcs wcrcobserved
Jllld ue sc rooarc believed to he aldehydes.
TIle ultimate objective of this research was to quantify lhe saccharide composluon of the
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pulps by analytlcalpyrolysis. Initially, jhc glucose and xylose comen tlf a numbe r or lld d-WllShl"tl
pulps was deter minedby Py-GC (-FID) u.~i ng isuhued pnl)'s:lcl'haridl's liScxlenml slalMlllnls. By mul
large. lhc resu ll~ were encouraging and ccnclatcd re:lsun,lllly well with Ihtlse U01:1lrll"t! hy add
hydrolysis I derivulizrnion - GC. However. Ihis llllprul\ch "M IMII suit Ihe :UI,tlys;s of acl"l-w:lslM.·t1.
sulfite-treated pulps as their anhydmsugar yields were low und Irrepnxtucfblc. '111lspntblcm wns
overcome by analyli ng pulrs exchmlgctlwith Felo inlls and. fur lju:mtil:llive ;Ulalysis, using nl~ uf
t hcm as a comparutlve standard.
A Ilnal and more extensive study W,IS carrlcd out on uc 'LCid-washed. linn sulnte-lre,llel
pulps. A narrower bore carilJary column W:lS us(;d to resolve 1.4-;l1IhytlloxylnpyraJMISe fnllll 4·
methyl syringol in Ihe pyrogr;un of hlrch mcchnuicalpulp. Also. hl:lckspruce lIK'Ch:mical pull1 wus
used as a compaeanvc slandard for qumuunuvc 'IIlnlysi.~ (us tlpplI.';ed IUthe usc 11'extemal stm lll:HlI.~).
Here ag:lin uc saccharide composition resuns IIhlainl"t! hy Py-GC ,llld by ad d hydrulysis I
uenvattzuuon - GC currclntcd quite well cxccpl in the case nf xylose fur hirch mech:lllielll nnd, hi
a lesser exlcnl. birch Atccu" pulps. It is believed thal lhe low xytosc values fur uesc pulps IIhlllilll.·1!
by Py-GC are due III the fact tbm hnrdwood xY];lIIS are heavily uce tyhucd. However, lll'llcr
correlation W:lS ohlained if the peak areas uf 1.4-:lJIhydruJlylnpyr'IIllI'iC. 42. 11r1 t1 4·IiYllmxy<'i,(I-
dihydro-(2H)-pyran-2,ollc. H. a known xylusc marker, WeI"C cemblncd ror (IUanl i!alinll.
Thc above quan1ilativc studies were carried nut using lhe PYllIpmbcll fined wilh a plalinum
coil. For tilelI\;Uur Sllceharidcs. lhc rcpmducihilllYin mcasurcmcra wns very glMlt1(C.V. W:l-, usually
S%or better). However. when tile second quuruitativcsludy was repented using me l' ymjeClur"'. the
rcsuns did not comparewell wruauiosc uhlainetl hy acid hytl llll ysi.~. Fur1hcnllurc.1l1c 1"C]llllducihilily
was quile poor ill many cases. ' 1tis was attributed til uc design uf ihc pymjecllIr'"'pyrulYI.cr which
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allowed unuc vllfialion inthe pymlysi soonditlon.~.
However, the Pyropmbell had a number of flaws. For example, it was found thai the
dimensions uf the pyrolysis lube influencedthe anhydrosugar yields and. because no two tubes had
uc same diameter and wall thickness, n wasnecessary 10 usc 1Jle same one for a setof analyses.
Moreover. il W,L~ uc cessary to placemeanalyte in the samerosmon (the centreof lhe tube)each lime
in tinier III ensure good rcpnxluclbdlty, These problemsmay prove to be major otsrectcs 10 the
developmentuf a ruuttncnr aunuu.ued quanlitalive methodbasedon pY-Gc. However. il may be
pllssihlcIIIuvnitl theseproblems by usingan alternative pyrelyzcr design. For example, the Pyrolall
pyr nlyzcr lined wilh detachableplmlmnu boats would eliminate the need for quanz lubes and would
anow fur easy weighingand llIuniputallun of the samples. In addition. because the helll no longer
h<lsto lJ;t~S thmugh a quanz barrier before rcachlngtnc sample, a raster and more reproducible
lell1pcrlllurc rise wouldresult.
111e {IUlUn il:ltiyC! studies were carried out using a name ionlzalion detector (flO). By anl
large Ihis pmvcd In he a goud chotec as i1 bas excellentsensitivity for me Iype of compounds
encountered here alld be causeor the kmgtcnu S1ahili ly{If its signal. However.due to thecomptcxhy
or the Jlymgr.lI 11s. proorcms were often encountered when nucmpnng to Identify small peaks.
especially1,4':Ulhydnl-:lr:lhillupYI'lUlosc,JI , undlhe anhydrogulacloses, 73 aod8S. In addition, solllc
;\nhydnll;uglifS wen:not fully resolvedfrom ncigbhcuringpyrolyzalcs as in the case or 1,4.anhydro·
rylnpymnnsc, 42. futhc ltanlwood pulp pyrogrwI15, tl1usmak ing quantl1aliondiffi cul1.
These pr oblems can be overcomeby usinga mass spectrometeras a uercctor, Modcm El
quadrupole II1$ Sspcctnuncrersnrceasily inlerraccd withcapillaryGC. and rhctrion signal is usually
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stable over relativelylong periods of time. Funhennore. the sensitivityof ElMS is at least as good
as AD for mcse type of compounds, especially in iOIl selective mode. Anlliheradvanlngeof using
selected ion moniloring is its ability to discriminate between compounds. By choosing 10 lIUllltllr
only those ions unique 10 . or at toast most prominent in. the lI1 :L~S spectra or lhe lIesircd a nalytc, lhe
chromatogram can be greatly simplified. For example. Figure 7.1 coraalns t he CxtrlK1cl! lou
chromatogram (E1C) for the ion rnk 57 for acid-washed black spruce mechanical pulp. when
compared to the TIC (Fig. 4.10). rhlsEIC is simpler and clearer, aru.I this tlespite the nt/I.Ill"the
extracted ion. The anhydrosugars arc the only prominent re.LkS mul even 1,4-
anhydroarabinopyrunnsc. 31. is clearly idcntiflahle.
This study has shown that. under the rightconditions.analytical pymly sis ean be used usan
ajtcmative method for the qcanauvc andquarultalve analysis of the neutral saccharides in WLlud
pulps. Typically. utakcs two to three days 10 call)' nut the acid hytlmlysis I derivalizalillll• GC
'::1 ~'u n
!::I- ----:-:::,J-......O"'.......'.L.!"H 39 60 IS
• ! 20.0 3o.ci ·....~-J-"----.
TI.... lnun.1
Figure 7.1: Extracted Ion OJromatogram (m/z 57) for Acid-W::J.Shctl Blaek Spruce Mechanical
Pulp.
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methud descrihcd in sections 2.2.2 and 2.3. Punhcrmnrc , the met hodis laborious and difficult. By
cUlllpar ison,:l pulp CiUl he pretreated n.c..ucasncc . pH adjusled and oven-dried) and pyrolyzcd in
a sillgle working day. In addhkm, cacti slep In the pretreatme nt Is simple 10 carry our. f inally,i f
an FlO delcclllr Ls used, Ihe only addilio nal capita l cess would be UK' pymlyacr itscl f.
TIleadv:ll1l:lges of using an:llytieal pyrolysis as a rast and slmplc screening melhod for a wide
rangeo f hicHu:ltcrials arc now appreciated. It is hoped that in the ncar fulure analytical pyrol ysis will
fCachils full pnlcllli:ll hUlh OlSa tlUillillltive anl1<Iuanlilalive J(lllllbr lhc analyslsofpo lysaccharidc.o;,
l i~l1ills lind oacr hil1IXJlylller.s.
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